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PREFACE 
This is the twenty-second of a series of symposia devoted to talks and posters by students 
about their biochemical engineering research. The first, third, fifth, ninth, twelfth, sixteenth, and 
twenti~th were hosted by Kansas State University, the second and fourth by the University of Neb-
raska-Lincoln, the sixth, seventh, tenth, thirteenth, seventeenth, and twenty-second by Iowa State 
University, the eighth, fourteenth, and nineteenth by the University of Missouri-Columbia, the elev-
enth, fifteenth, and twenty-first by Colorado State University, and the eighteenth by the University 
of Colorado. Next year's symposium will be at the University of Oklahoma. Symposium proceed-
ings are edited and issued by faculty of the host institution. Because final publication usually takes 
place in refereed journals, articles included here are brief and often cover work in progress. 
Attending this meeting at Iowa State University were the following: 
University of Colorado: Professor Robert Davis, Professor Paul Todd, Naveen Arora, Karen 
Clark, Man Bock Gu, Debra Hawker, John Highfill, Charles Farnham, Sanjeev Redkar, Jim 
Searles, Kalyan R. Tadikonda, Eve Tracey, and Barry Vant-Hull. 
Colorado State University: Professor James Linden, Professor Vincent Murphy, Ron Beyerinck, 
Hatice Gecol, Pat Gilcrease, Linda L. Henk, Marc Lipovitch, Paul Mondani, John Sargantanis, 
Michael Saulmon, Peter E. Villeneuve, and Kevin Wenger. 
Iowa State University: Professor Charles Glatz, Professor Zivko Nikolov, Professor Peter Reilly, 
Ufuk Bakir, Scott Blonigan, Laura Cantarella, Hsiu-Mei Chen, Pedro Coutinho, Bipin K. Dalmia, 
Ali Demirci, Nathalie Flory, Craig Forney, Julie Friend, Steven Geller, Meng H. Heng, Tzu-Yin 
Hsiao, Kristine Jensen, Sandra Kaiser, Alan Lemm, John Luther, Mark Niederauer, Douglas 
O'Brien, Rumana Riffat, and Bijan Seyfzadeh. 
Kansas State University: Professor Larry E. Erickson, Chris Baldwin, Jiaming Hua, Pat McDon-
ald, John Shimp, Kooranee Tuitemwong, Pravate Tuitemwong, and Xiaoqing Yang. 
University of Missouri-Columbia: Professor Rakesh K. Bajpai, Rohit Harve, Jan Johansson, and 
Paul Yeh. 
University of Nebraska-Lincoln: Professor Michael Meagher, Stuart Bailey, Shane Gold, John 
Sweeney, and Dave Vrana. 
University of Oklahoma: Professor Roger Harrison, Chris Haught, Cheng-Hsien Hsu, Nien-Tung 
Ma, Gael Ruche, and David Wilkinson. 
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Effect of Hydrocarbon Phase on Kinetic and Transport 
Limitations for Bioremediation of Microporous Soil 
c. A. Baldwin, J. P. McDonald, and L. E. Erickson 
Department of Chemical Engineering 
Center for Hazardous Substance Research 
Kansas State University 
Manhattan, Kansas 66506 
SUMMARY 
Bioremediation of contaminated groundwater and soil is a 
promising but incompletely understood cleanup technique. Its 
most important use in groundwater remediation may be where other 
methods, such as pump-and-treat, fail to remove the required 
contaminant. This paper considers limiting factors, such as 
diffusion, oxygen availability, and microbial growth kinetics, of 
bioremediation in a micropore of soil where a second liquid phase 
(typically one or more hydrocarbons) exists. Mathematical 
modeling was performed under two basic sets of assumptions: (1) 
homogeneous oil phase that is remediated (moving boundary 
problem) and (2) heterogeneous oil phase with diffusing organic 
constituent (diffusion problem). The results of the mathematical 
models indicate that under the conditions assumed, bioremediation 
can occur much faster than diffusive removal via pump-and-treat. 
INTRODUCTION 
Pump-and-treat and other traditional contamination removal 
technologies have proven to be effective at reducing contaminant 
levels in treated areas; however, after the remediation treatment 
is stopped, contaminant levels often rise again. This suggests 
that there is a significant amount of contaminant remaining in 
the soil. Several governmental reviews have indicated that 
extraction type remediation schemes may not succeed in reducing 
the contamination level below an acceptable quantity in the long 
term. 1 •2 
Pump-and-treat and similar methods rely on bulk transport to wash 
away a contaminant. After treatment the residual contaminant 
would likely be bound in an area where bulk transport is severely 
hindered and diffusion-becomes the prevalent agent of mass 
transfer. At an extreme, diffusion could be so slow that even a 
large deposit of contaminant could be safely contained. If 
diffusion is fast enough to allow an unacceptable level of 
contamination in the aqueous phase and the amount of contaminant 
-~------
2 
in a diffusion controlling region is significant, pump-and-treat 
will not be able to prevent contaminant levels from increasing 
once the pumps are turned off. 
It is for this case that in-situ bioremediation holds the 
greatest promise. Bioremediation, the method of remediation 
based on the microbial digestion of contaminant molecules, can 
occur in diffusion controlling zones even though it relies on the 
transport of oxygen to the growth site (in the case of aerobic 
growth). In this case, diffusion of the contaminant to the bulk 
transport region of the ground water is not required. 
When viewed in terms of soil structure, the bulk transport and 
diffusive transport areas can be envisioned as macrovoids and 
microvoids. Macrovoids hold the greatest amount of water and · 
have an aqueous flow rate associated with them. This is where 
pump-and-treat can work to flush contaminants away. In 
microvoids, there is no measurable flow velocity, and transport 
is mainly by diffusion. Contaminant trapped in a microvoid would 
obviously be more difficult to remove via pump-and-treat than 
contaminant residing in the macrovoid area. (See Figure 1.) 
Suspended 
Microorganisms 
Sol~-Liquid\ \ Mobile~_lm~obile 
Equilibrium \ Equdabr~um 
Attached 
Microorganisms 
Fiqure 1. Schematic representation of the soil 
(from Dhawan3 ) 
----- --~----
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THEORY 
Bioremediation of a contaminant trapped in a soil micropore will 
be examined through mathematical models of two different cases: 
{1) a homogeneous contaminant phase that will be completely 
digested (moving boundary problem) and (2) a heterogeneous oil 
phase where a single cons~ituent is diffusing into the aqueous 
phase and contaminating the water (diffusion problem). In both 
cases there are three phases present (oil, aqueous, and soil), 
thus the transport of the contaminant is very complex. To allow 
the model to be handled reasonably, several significant, 
simplifying assumptions were made: 
1. The contaminant is trapped in a cylindrical micropore (thus 
the problem is one dimensional) as illustrated by Figure 2. 
2. All surface effects, such as adsorption, are neglected. 
3. The water at the entrance to the pore is saturated with 
oxygen, and the concentration gradient of oxygen in the aqueous 
phase of the pore is at pseudo steady-state. 
4. The biomass grows at the water-oil interface and does not 
alter the diffusivity of oxygen into the aqueous phase. 
5. Except when the model is set for pump-and-treat conditions, 
diffusion of the contaminant out of the pore is neglected. 
Although these assumptions are valid for both models, there are 
considerable differences in the models. 
A~ Phase 
Sstl.sated wth 
Oxygen 
Sol Particle 
Sui' ace 
0 Z(t) 
Oi Water 
lrterface 
Satl.lated 01 
Phase 
z 
Figure 2. soil pore filled with hydrocarbon 
-------
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Model 1: Moving Boundary 
In this case, at t = o, there is an initial biomass at the 
initial interfacial position. As bioremediation occurs, the oil 
phase is removed and the interface moves along the axis of the 
pore. A simple biomass balance at the interface can be written: 
dX = Growth Rate -Death Rate dt (1) 
The biomass growth rate in this model is assumed to be limited by 
the presence of oxygen, which is diffusing through the stagnant 
water region. The growth rate can be written: 
(2) 
The rate of biomass loss is simple first order kinetics assumed 
to be caused by endogenous metabolism. 
(3) 
Since endogenous metabolism requires oxygen, the oxygen available 
for growth is the amount diffusing to the interface minus that 
used in endogenous metabolism. 
(4) 
Substitution of Eqs. 2, 3 and 4 into Eq. 1 yields: 
(5) 
The mass based rate of contaminant removal can be related to the 
available oXygen through yield factors: 
(6) 
The amount of the hydrocarbon removed can be converted to a 
corresponding interfacial position by making a mass balance and 
substituting Eq. 4 into Eq. 6: 
5 
2 dz ( D0 C0 1ti 2 _ 8kdXabyb) Y0 p 'XI - = 8 dt Z 12 Ys 
Equations 5 and 7 define the model. They are linked and 
dependent on time, but not explicit in time. 
(7) 
The usefulness of the modeling equations can be increased by 
converting them to dimensionless groupings. The three variables, 
position, biomass, and time, can be made dimensionless using: 
~ = I r2 
The term, X0 , is the amount of biomass that can be produced with 
a characteristic amount of oxygen. When the equations are made 
dimensionless with these substitutions, they become: 
(8) 
(9) 
Three dimensionless groups arise from the conversion: the Thiele 
Modulus, ~2 , the oxygen supply factor, W1 (discussed by Wu et. 
al. 4), and a dimensi~nless yield factor, W2 : 
.t.2 = kdr2 
't' D I 
0 
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Model 2: Diffusion Model 
In this model the oil phase is assumed to be heterogeneous; it 
contains a relatively harmless, non-diffusing primary component 
(such as a wax or tar), and a diffusing contaminant that migrates 
through the oil phase and into the aqueous phase, contaminating 
the ground water. In this case, the interface is stationary, but 
oxygen is no longer necessarily the limiting reagent of 
bioremediation. Bioremediation is assumed to occur at the 
interface in the aqueous phase, so the contaminant must also 
diffuse across the interface. 
The equation of change governing the diffusion of the contaminant 
through the oil phase to the interface is: 
.Jo 
6 
ac ~be) CJ2 c ~be) 
at = Ds/he az2 (10) 
Assuming equilibrium conditions for the contaminant present at 
the interface in the two phases, the ratio of the concentrations 
is: 
C (aq) = KC (be) 
Bj B1 
The flux of the contaminant to the interface 
ac (aq) I 
ns = Ds/bc a 
Z Z • Z1 
l.• -. ;::,. 
(11) 
(12) 
As the contaminant diffuses to the interface from the oil phase, 
the oxygen diffuses through the aqueous phase: 
D ( C (aq) - C (aq) ) 
n = 0 o, .. r: 01 
o zi 
(13) 
The kinetics of biomass growth, provided all nutrients are in 
excess except for oxygen and substrate, can be expressed as: 
dX 
-
C (aq) C (aq) 
( Sj ) ( Oj ) X 
dt - J.Lmax K + C (aq) K + C (aq) 
s s1 o o1 
(14) 
Using the boundary condition of no flux of contaminant out of the 
closed pore end, equating the flux of contaminant in both phases 
at the interface, and using yield factors allows Eq. 12, 13 and 
14 to be combined to form: 
(15) 
RESULTS 
Model 1: Moving Boundary 
The first model was simulated numerically using the Runge-Kutta 
technique including endogenous metabolism, excluding endogenous 
metabolism,and for pump-and-treat type extraction. The following 
constants and initial conditions were used: 
p8 = 0.775 gjml, 1rr2 = 0.01 cm2 , 0 0 = 2.5E-05 cm2js, 
C0 = 7.6E-06 gjml, Y0 = 0.446, Y8 = 1.00, ab = 0.462, 
'Yb = 4.291, kd = ·2.78E-07 js, z(O) = 0.001 em, and 
X(O) = 3 mg/L 
7 
The results of these trials are presented in Figure 3 and Table 1 
for the dimensional case and in Figure 4 for the dimensionless 
equations. 
Model 2: Diffusion Model 
Model 2 data was calculated using finite difference technique for 
various pore lengths and yield factors. The substrate yield 
factor was reduced from 1 to account for some non-growth cell 
activity (such as endogenous metabolism) that would be occurring 
in real circumstances. The oxygen yield parameter was changed as 
well to account for the greater quantity of hydrocarbon which is 
oxidized to carbon dioxide and water. The results of the model 
are presented in Table 2 for Y8 = 1 and Figures 5 and 6. 
DISCUSSION 
Model 1: Moving Boundary 
Under the assumptions of the model, bioremediation works 
considerably faster than pump-and-treat for contaminant removal 
from micropores of a small length. As the length increases, the 
advantage of bioremediation becomes less, but beyond some length, 
where very little contaminant can diffuse into the water supply, 
the substrate becomes non-threatening and remediation can be said 
to be complete. 
In the dimensionless model, where the Thiele modulus .was varied, 
the amount of dimensionless biomass present at the interface 
increased, but the dimensionless remediation time remained 
basically the same, suggesting that the Thiele modulus has little 
effect on bioremediation. The other two dimensionless groups 
would not be expected to vary greatly from case to case. This 
implies that the dimensionless remediation time would be the same 
for any circumstances within the model's range. 
Model 2: Diffusion Model 
Again, the diffusion model indicates that bioremediation is 
several times faster at removing a contaminant than Pump-and-
Treat. The rate at which a contaminant is remediated increases 
as yield factor goes down. This is because the growth rate 
remains the same, but contaminant is being digested for non-
growth purposes as well. As expected, the rate of bioremediation 
slows as a pore's length increases. 
CONCLUSIONS 
Under the results of these simple models, bioremediation appears 
to work several times faster than an extraction remediation 
scheme for removing contaminants. These results provide a better 
understanding of the limiting factors in bioremediation. 
8 
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Table 1. Remediation time for oil trapped in a sma~~pore 
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Table 2. Remediation performance on a solute trapped in a pore 
(Y8 = 1) 
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Ys = 1 
Ys = 0.8 
Ys = 0.6 
Ys = 0.4 
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Time (Hours) 
Figure s. Effect of yield on -solute concentration 
for a 1 mm. pore 
L = 8 mm. 
L = 6mm. 
L = 4 mm: 
L = 2mm . 
L = 1 mm. 
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Time (Hours) 
Figure 6. Effect of pore length on solute concentration 
for Y8 = 0.1 
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MIGRATION OF PCP IN SOIL-COLUMNS 
IN PRESENCE OF A SECOND ORGANIC PHASE 
J.C. Wang, S.K. Banerji, and R. K. Bajpai 
Department of Chemical Engineering Building East 
University of Missouri 
Columbia, MO 65211 
Abstract. Pentachlorophenol (PCP) is a widely used wood-treating chemical 
which is applied to wood under pressure in the form of a concentrated solution 
in solvent. As a result, any spill at the wood-treatment site results in presence of 
PCP in presence of a organic phase. Hence, this research deals with a study of 
migration of PCP through unsaturated soil columns when PCP is introduced as 
a solution in kerosene which is being used as a model organic solvent. The 
factors that have been studied, include (a) batch extraction of PCP partioning 
between soil-water-kerosene; (b) kerosene retention in soil ; (c) the effect of soil 
moisture content, and of the extent of loading of kerosene-PCP mixture upon 
migration of PCP when eluted with water. 
1. Introduction 
Pentachlorophenol (PCP) is a synthetic chemical on the EPA's list of priority 
pollutants and registered by U.S. EPA for use as an insecticide, fungicide, 
herbicide, algicide, disinfectant and as an ingredient in antifouling paints. 
Although PCP has wide applications as a pesticide, most of the PCP 
manufactured is utilized as a wood preservative. Accordingly, 78% of the PCP 
has been used by wood preserving industry (Cirelli, 1978). Due to such an 
abundant usage of PCP, there exist a lot of PCP contaminated sites which has 
caused surface and ground waters contamination. Since PCP is usuany applied 
to wood products after dilution to a 5% solution with solvents such as mineral 
spirits, No. 2 fuel oil or kerosene (WHO, 1987), any spill at-the wood-treatment 
site results in presence of PCP in a organic phase, like kerosene. Upon 
introduction of water, kerosene exists as an immiscible phase with water either 
as discrete ganglia or as lenses within the porous media. Thus, the presence of 
kerosene in the wood preserving fluid may affect PCP transport. The purpose of 
this study was to investigate how kerosene affect the migration of PCP in the 
subsurface soil. The factors that have been studied, incluse (a) batch extraction 
of PCP partitioning between soil-water-kerosene, (b) kerosene retention in soil, 
-------------------~-- ----------
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(c) the effect of soil moisture content, and of the extent of loading of 
PCP/kerosene mixture upon migration of PCP when eluted with water. 
2. Materials and Methods 
The soil used was Menfro series fine silty loam. An upper horizon soil was 
selected for the study. These soils formed in silt deposits 6 to 20 feet deep. 
There permeability of the soil was moderate. The soil was sieved through a 2-
mm screen (No. 1 0) prior to use and characterization. This kind of soil was 
representative of many upper horizon of Missouri soils. 
PCP used in this study was obtained from Sigma Chemical Co. of St. Louis, 
Missouri. The Chemical was 99.3% pure. The solubility of PCP at kerosene is 
around 0. 7% by weight in nature environment. Since PCP is not very soluble in 
hydrocarbon solvents, and tends to crystallize on the surface (a phenomena 
known as "blooming"), formulations for wood treatment may also contain co-
solvents and anti-blooming agents. However, in order to prevent blooming 
during the entire process of the study, 0.5% PCP at kerosene is used. The stock 
solution of PCP was prepared by completely dissolving 500 mg of PCP powder 
in 100 g of kerosene. The PCP stock solutions were kept in the dark to prevent 
any photodgradation. 
Radioactive PCP with a specific activity of 7.9 J.LCi/mg was added to 
unlabeled PCP/kerosene solution as the tracer. 0.1 ml of toluene containing 
100 J.LCi of C14-PCP was obtained from Sigma Co. The 100 J.1Ci C14. PCP was 
then dissolved in 100 ml of 0.5% PCP/kerosene as stock solution. The stock 
solution was kept in 4 oc refrigerator. Thus, the stock solution have 1 J.LCi/ml 
Kerosene is a petroleum product characterized by low viscosity and medium 
volatility in comparison with heavy and residual fuels. Kerosene used in this 
study was obtained from Fisher Chemical Co. 
1. Batch partition coefficient experiment 
A 10 g aliquot of air-dried soil was placed in a 40 ml teflone tube. Five 
different concentration of PCP/kerosene (0.5%, 0.25%, 0.125% , 0.0625%, 
0.0125%) were prepared for this partitioning study. 10 ml of each concentration 
of PCP/kerosene containing 0.05 J.LCi of C14 was added to these tubes. The 
samples were thoroughly mixed after an 36-hour equilibration period. 20 ml of 
distilled water (pH=5.5) was then added and shake for another 36 hours. This 
experiment was conducted at a temperature of 22 oc. The samples were then 
separated by centrifuge at 15,000 rpm for 40 minutes. The kerosene and water 
phase were separated in a glass funnel separator. To prevent the possibility of 
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PCP loss resulting from evaporation during a soil dried precess, PCP in soil 
was directly extracted two times from the wetted soil by 30 ml Methanol for 24 
hours. The Methanol extraction method was selected because it yield a superior 
C14 recovery rate than Hexane. The partitioning coefficient of kerosene-water 
(Kpkw), soil-water (Kpsw), kerosene-soil (Kpks) were calculated from the 
following equation: Kpkw =log Ck!Cw; Kpsw =log Cs/Cw; Kpks =log Ck!Cs 
where: 
Kpkw = kerosene-water partition coefficient; 
Kpsw = soil-water partition coefficient; 
Kpks = kerosene-soil partition coefficient; 
Ck =concentration of PCP in kerosene, cpm/g of kerosene 
Cw = concentration of PCP in water, cpm/g of water 
Cs =the concentration of PCP in soil, cpm/g of soil 
2. Soil column preparation 
Soil columns are prepared in glass column measuring 6 em in diameter. 
These columns were prepared by inserting glass wool plug into the tapered 
end to uniformly distribute the effluent. 200 g of the air-dried soil was packed (in 
50 g aliquot with gentle tapping to pack the soil) to the column. The height of 
soil in column was 7.5 em. Glass wool was placed on top of the soil to dissipate 
the influent evenly across the column. Soil was saturated by washing columns 
with tap water in a rate of 1 ml/min for 2 days. 500 ppm HgCI2 was added to 
inhibit and minimize bacterial activity in soil. Pore volume was then calculated 
by: wet weight of the saturated column - dry weight of the soil column. An air 
pipe was connected into a silica gel tube and pass through the saturated soil 
column to air dried the soil column in order to achieve a certain degree of 
moisture level of in soil. With well controlled the air flow rate, the column could 
be air-dried to 35% and 65% moisture level. The columns were all covered with 
aluminum foil to prevent PCP from photodegration and also minimize the PCP 
evaporation from top of the columns. 
3. Retention of kerosene by soil 
Soil columns were used to determine the retention of kerosene at two 
different soil moisture levels: 35% and 65%. The experiment was conducted at 
the room temperature of 22 oc. 200 ml of kerosene were dripped through the 
soil columns. The kerosene was allowed to drain from the columns for 24 hour. 
The mass of kerosene collected from the column was measured. The percent 
kerosene retained was represented in the form of retention per gram of air dried 
soil in column: 
--------------------- ----
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Percent kerosene retained= [ (Ma- Me) I Md] x 100 
where : Ma = mass of kerosene added to the column 
Me = mass of kerosene drained through the column 
Md = mass of air -dried soil in the column 
Afterwards, the columns were then washed with water. Mixture of 
kerosene/water in the effluent was collected and separated by funnel separator. 
Kerosene residual saturation (Sr) was calculated as follows: 
Sr= volume of kerosene residual in soil I pore volume 
4. Breakthrough curve (BTC) 
Experiments were conducted to measure breakthrough curve (BTC) of 
PCP/kerosene in order to picture its migration in a soil column. Pulse injections 
of PCP/kerosene were used to simulate a accident spillage of the 
PCP/kerosene mixture. This experiment was conducted at a room temperature 
of 22 oc. After the soil cloumn achieved the designated moisture level, a 
mixture of PCP and kerosene containing 5 J..LCi of C14 PCP was introduced ar 
the top of the cloumn. The designated waste strength is 5ml, 1Om I, 20m I of 
PCP/kerosene. The soil cloumn was then eluted with distilled waster containing 
500 ppm of HgCI2 to inhibit bacterial growth. The pH of flush water was 6.0. The 
flush rate was 0.2 ml/min (correspond to a pore velocity of 22.6 em/day). The 
effluent was collected and the radiation of C14-PCP was measured by 
scintillation counter. The strengh of C14-PCP can be converted to PCP 
concentration. Radioactity of effluent samples in the study was determined by 
using a Packard Tricarb Model 1900 liquid scintillation counter using Packard's 
Ultima Gold as the counting medium. 1 ml of effluent sample was added to 10 
ml of counting cocktail in a 20 ml counting vial for the radioactivity analysis. 
3. Results and Discussion 
1. Partition Coefficient Experiments 
Table 1 shows the results of PCP partition between soil-water-kerosene. 
This results show that the log kerosene-water partition coefficient (Kpkw) is 
nearly constant, and its average is 1.32. On the other hand, the log kerosene-
soil partition coefficient {Kpks) decreases from 1.18 to 0.58 with the increasing 
PCP concentration, and the log soil-water partition coefficient (Kpsw) increase 
from 0.17 to 0.81 with the increasing PCP concentration. This indicates that 
PCP adsorbed by kerosene and water is in a linear equilibrium relationship. 
However, the soils capacity to adsorb PCP lessened as the PCP concentration 
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increased. Even though the initial pH of distilled water was 5.5, the soil had a 
buffering effect to limit the pH increase to 6.5.The results shown in Figure1 give 
the conversion of cpm to ppm and plot the individual concentration between 
kerosene, water, and soil. The graphs (Fig.1) show that there is a linear 
relationship between the PCP concentration partition in water and kerosene 
phase. On the other hand, it is seen that the PCP partition in water and sofl are 
in a non-linear curve relation. From Figure 1, It has to be pointed out that 
.. kerosene has more than ten times the capacity to catch PCP than water and 
soil. The PCP captured by unit weight of water and soil is almost equal. When 
reaching equilibrium, 0.1 mg PCP per unit gram of water will have 0.15 mg PCP 
per unit gram of soil and about 2.0 mg PCP per unit gram of kerosene. In other 
words, kerosene has a higher affinity for PCP than either soil or water. Figure 1 
also indicates that the unit gram of soil have a maximum capacity to adsorb 
PCP. Upon reaching its maximum adsorption capacity, additional PCP will 
partition into the water and kerosene phase. Water and kerosene, acting as 
migration fluids, will transport PCP downward and contaminate groundwater. 
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Tablej: Results of Partition Coefficient Between Soil-Water-Kerosene 
============================================================== 
Cone. 
(%) 
Kpkw Kpks Kpsw C -14 initial pH final pH 
recovery 
________________ .., ____ ... _____________ .., ___________________________________________ _ 
0.5 1.35 1.18 0.17 89% 5.5 6.5 
0.25 1.29 0.97 0.32 86% 5.5 6.5 
0.125 1.26 0.85 0.42 88% 5.5 6.5 
0.0625 1.32 0.68 0.65 95% 5.5 6.5 
0.0125 1.39 0.58 0.81 84% 5.5 6.5 
============================================================== 
03 Figure 1: PCP Partitioning Between Water-Soil-Kerosene 
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2. Retention of Kerosene in Soil 
Residual kerosene may act as a continual source of contaminant. When 
water comes into contact with the trapped immiscible phase, it will leach the 
soluble components like PCP downwards into the groundwater. Thus, it is 
important to understand how much kerosene is retained in the soil in the field 
where an accidental spill occurs in order to set u'p a clean-up strategy. The 
results of kerosene retention are shown in Table 2. 
Table 2: Results of Kerosene Retained by Soil 
============================================================== 
Column Amount moisture pore ml of kerosene kerosene wt. fraction 
# of soil content volume retained residual Sr gig soil 
1 200 g 35% 98ml 40 0.41 0.160 
2 300 g 35% 142 ml 61 0.163 
3 200 g 65% 103 ml 24 0.17 0.096 
4 300 g 65% 146 ml 38 0.100 
5 200 g 100% 98ml . 0.68 
============================================================== 
The results show that soil will retain more kerosene in 35% moisture soil than 
in 65% moisture soil with a similar pore volume. 35% moisture soil, which has a 
larger receptive capacity, can trap more kerosene. If pore volume of soil is 100 
ml, 35% moisture soil can trap 41 ml of kerosene, and 65% soil can trap 17 ml 
of kerosene. The weight fraction of retention capacity is almost independent of 
soil mass. Residual saturation and retention capacity in vadose zone is thus 
independent of the mass of soil, but increase with the decreasing of moisture 
content. This indicated that 35% moisture soil which had larger receptive 
capacity than 65% moisture soil, can trap more kerosene in terms of both 
kerosene residual saturation (Sr) and weight fraction of kerosene retention in 
soil. In contrast, the saturated soil retains much more kerosene than the 
unsaturated soil. This results confirmed what Wilson's study stated: In the 
vadose zone, the residual kerosene is composed of pendular rings and small 
blobs. In the saturated zone the residual kerosene is exclusively blobs. The 
residual saturation depends on soil pore size distribution in the vadose zone, 
but seems to depend more on pore aspect ratio in the saturated zone. In high 
aspect ratio pores, in which the pore throats are much smaller than pore bodies, 
kerosene snap-off is common. Kerosene as the nonwetting fluid in most 
saturated media, is trapped in the larger pores. On the other hand, kerosene, as 
17 
the wetting fluid (with respect to air) in the vadose zone, tends to spread into 
adjacent pores and leave a lower residual content behind. 
3. PCP/kerosene Breakthrough Experiments 
Miscible displacement experiments have been used to represent the first 
step toward understanding· the mechanisms of chemical transport. Column 
displacement experiments were conducted to measure breakthrough curve 
(BTC) to picture PCP/kerosene migration in a soil column. Pulse injection of 
PCP/kerosene was studied to simulate a accident spillage of the PCP/kerosene 
mixture. It has to be pointed out that the loadings (5 ml, 10 ml, 20 ml) of 
PCP/kerosene applied on the soil columns were within the residual saturation 
of kerosene in soil. According to previously study, if the pore volume of soil was 
100 ml, it can trap 17 ml of kerosene in 65% moisture soil columns and 41 ml of 
kerosene in 35% moisture soil. Therefore, all the PCP/kerosene applied in the 
breakthrough experiments will be trapped in the soil columns. (Note: there was 
a small amount (4 ml) of PCP/kerosene come out in the effluent when 20 ml of 
PCP/kerosene was applied in the 65% moisture soil columns). The results of 
PCP breakthrough curve of three PCP/kerosene loadings (5 ml, 10 ml, 20 ml) in 
35% moisture soil were shown in Figure 2,3,4. The breakthrough curves for 
65% moisture soil were shown in Figure 5,6,7. 
Figure 2: 35% Moisture+5ml PCP/kerosene 
Figure 3: 35% Moisture+ 10m! PCP/kerosene 
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Figure 4: 35% Moisture+20ml PCP/kerosene 
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Figure 6: 65% Moisture+ 10m I PCP/kerosene 
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In the experiments in which the moisture content of the soil was 65%, the 
concentration peak showed up quickly. On the other hand, the breakthrough 
curve was more smooth in the 35% moisture soil. These results display a 
general behavior of PCP/kerosene transport through the soil columns: an 
increase in the moisture content of the soil decrease the PCP/kerosene 
retention capacity, resulting in a deeper and faster penetration of the liquid 
PCP/kerosene into the soil column. In the experiments in which there is a high 
amount of PCP/kerosene spill, the higher concentration peak showed in the 
curve. This result was expected since the high amount of PCP/ kerosene 
applied to the soil columns increase the gravitational pressure head, hence the 
rate of penetration. The faster rate of PCP/kerosene penetration resulted in a 
less traveling time so that there was a decrease in the PCP dilution. A higher 
concentration of PCP then stays in the deeper soil column. When the column is 
eluted with water, higher concentrations of PCP then come out in the effluent. 
A classical one-dimensional· convection-dispersion equation model with a 
linear adsorption term was used to compare the relative behavior of 
PCP/kerosene transport in soil columns. This model used two single-valued 
parameters, u' and D', to fit the experimental data, where u' = u/R, D' = 0/R. 
From the calculated retardation factor (R) and dispersion coefficient (D), the 
relative behavior of PCP/kerosene migration can be predicted. Table 4 shows 
the calculated parameters obtained by the least squares optimization technique 
to get the best fitted of the experimental data. 
Table 4: Results of Mathematical Analysis 
======================================================= 
35% + 5 ml PCP/kerosene 
35% + 10 ml PCP/kerosene 
35% + 20 ml PCP/kerosene 
65% + 5 ml PCP/kerosene 
65% + 10 ml PCP/kerosene 
65% + 20 ml PCP!kerosene 
K A 
3.02 
4.36 
10.92 
4.22 
4.58 
51.4 
2 D(cm /hr) 
6.9 
10.3 
24.87 
10.33 
10.36 
57.3 
5.6 
6.3 
28.58 
22.3 
61.9 
608 
=========================================================== 
The results showed that both the adsorption constant (K) and the retardation 
factor (R) was increased with the adding of the PCP/kerosene.This results 
20 
confirm with previously predict stated that the residual kerosene may act as a 
sorption term to retard PCP migration. The dispersion coefficients (D) were 
increased with the adding of the PCP/kerosene and the dispersion coefficients 
were much higher in the 65% moisture soil than in the 35% moisture soil. It has 
to be noted that 8- function was used in this model to simulate the boundary 
condition. The ideal 8-function was not well fitted to the real experiment 
condition. As mentioned above, not much attention should be payed to the 
calculated value while 20 ml PCP/kerosene was applied in the column since 
this situation was not the ideal situation as 8-function. The applying of 5 and 1 0 
ml PCP/kerosene gives a more accurate simulation for calculating the 
parameter value. It is suggested that the concentration profile in the soil column 
has to be measured when the initial PCP/kerosene was dumped on the soil so 
that more proper boundary condition can be used to solve this problem. 
4. Conclusions 
1. Kerosene has the highest affinity for PCP in a three phase system consisting 
of kerosene, soil and water. 
2. Residual saturation and retention capacity of soils for kerosene, are higher in 
35% moisture soil than in 65% moisture soil. 
3. Kerosene will penetrate deeper and faster in 65% moisture soil than in 35% 
moisture soil. 
4. PCP is more resistant in 35% moisture soil than in 65% moisture soil. 
5. The residual kerosene in soil column may act as a sorptive phase to retard 
the PCP migration. 
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Bacterial Leaching of Zinc and Copper From Mining Wastes 
ABSTRACT 
Cheng-Hsien Hsu and Roger G. Harrison 
School of Chemical Engineering and Materials Science, 
University of Oklahoma, Norman, Oklahoma 73019 
Bioleaching of zinc from chat pile rock and copper from tailings-pond sediment, two mining 
wastes, was studied in shake flask experiments using thermophilic bacteria. Thiobacillus 
ferrooxidans at 26°C leached out 38% of zinc from pulverized rock in 15 d and extracted 
copper completely from native sediment in 24 hr. When Su/folobus acidocaldarius was used 
at 70°C, the leaching of zinc from the rock was complete in approximately 5 d. Because of 
the rapidity of the extraction of copper with T. ferrooxidans, larger scale tests were carried 
out in a fermentor with mechanical agitation and aeration. Complete extraction was obtained 
in 12 hr. A preliminary design and economic analysis were done for scaling up the 
bioleaching of copper from the tailings-pond sediment. This analysis gave a cost per lb of 
copper produced higher than the current market price of copper. The major contribution to 
the cost was the labor cost. An alternative process using T. ferrooxidans that should be 
profitable for leaching the tailings-pond sediment is discussed. 
INTRODUCTION 
Many high-grade, easily exploited mineral deposits have now been depleted. Using 
biotechnology to study the abandoned mines to recover metallic values could present new 
business opportunities and have a significant impact on the metal industry. Among the 
biotechnologies, bacterial leaching is one of the most significant in the mining and minerals 
industry. The principal benefits are less labor and energy required, lower capital investment, 
and less harm to the environment. 
Among the bacteria involved in bacterial leaching, Thiobaci/lus ferrooxidans has 
been studied the most intensively and has been the most important in commercial operations 
(Hutchins et al., 1986; Monroe, 1985; Brierley, 1978; Beck, 1967). This organism is 
rod-shaped, aerobic, and uses carbon dioxide as its sole carbon source in an acid 
environment. It is also moderately thermophilic, thriving in the temperature qmge between 
20 and 35°C, and gets energy for growth from the oxidation of either iron or sulfur. 
One process for leaching by T. ferrooxidans is believed to take place as follows 
(Hutchins et al., 1986): 
(a) Starting with pyrite for example two reactions lead to ferric sulfate (F~(S04)3): 
FeS.,(pyn"te) + 31.0., + "U 0 bacteria) FeSO + H SO ~ ? ~ ... "'2 4 2 4 
2FeSO + H SO + 1120 bacrena) Fe,(SO ) + H.,O 4 2 4 2 ~ 43 ~ 
(b) Ferric sulfate is a strong oxidizing agent that can dissolve a wide variety of metal sulfide 
minerals (MS): 
MS + Fe2(S04) 3 ----> MS04 + 2FeS04 + S 
Reaction schemes (a) and (b) then become cyclic. This mechanism is termed the indirect 
leaching because scheme (b) proceeds even in the absence of oxygen or viable bacteria. T. 
--------------------------- ----- --~--- --
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_ fen-ooxidans may also leach metal sulfides directly without involvement of microbially 
produced ferric sulfate. The process is described by the simplified reaction: 
MS + 202 baceena} MS04 
The best evidence of the direct leaching comes from studies using synthetically prepared 
metal sulfide minerals free of iron (Torma, 1971). Because iron is usually available in 
natural leaching environments, both direct and indirect leaching mechanisms probably occur 
simultaneously. 
Bacterial leaching technology has primarily been linked to the mesophilic 
Thiobacillus species; however, some investigations have revealed the presence of 
thermophilic bacteria in commercial leaching operations (Brierley, 1977; Brierley, 1980; 
Brierley, 1978; Brocket al., 1972). These thermophiles carry out reactions similar to those 
performed by the Thiobaci/li. Because the oxidation of metallic sulfides by bacteria is 
exothermic and the thermophiles function at elevated temperatures, the kinetics of biological 
and chemical reactions, both of which are important in leaching operations, are enhanced. 
Faster reaction rates reduce the time that ores and wastes must be processed to extract metal 
values. 
Sulfolobus acidocaldarius is a lobed sulfur-oxidizing organism which lives in acid 
thermal habitats. Not only does S. acidocaldarius oxidize sulfur, it also oxidizes ferrous iron, 
making it an excellent candidate for use in microbial leaching. This bacterium grows 
heterotrophically as well as autotrophically at pH 2-3 and at 70-75°C (optimum). Similarly, 
the chemical reaction of ferric iron with metal sulfides to produce ferrous iron could then be 
the basis of bacterial growth on metal sulfides. 
Natural microbial metal leaching is a very complex process that is often 
uncontrollable and halted by certain limiting conditions. In our laboratory, we have carried 
out basic studies on the bacterial leaching of two Oklahoma mine wastes. Using shake flasks, 
T. ferrooxidans was studied for leaching zinc from chat pile rock and leaching of copper 
from tailings-pond sediment, and S. acidocaldarius was studied for the leaching of zinc from 
chat pile rock. For evaluating the possibility of conducting large scale leaching operations 
with the tailings-pond sediment, we did more leaching tests with a fermentor and used the 
results in a preliminary design and cost estimation. 
MATERIALS AND :METHODS 
Ore and Ore Analysis. A study of the abandoned zinc mines in the Picher Field (the 
Tri-state mine region of Oklahoma, Kansas, and Missouri) by Luza documented the locations 
of the numerous tailings piles and tailings ponds associated with these mines (Luza, 1986). 
Two types of tailings piles exist - chat piles and boulder piles. The Creta copper mine had 
three tailings ponds (Hagni and Gann, 1976). Samples of chat pile and boulder pile rocks 
taken from the Picher Field (see Table I) were crushed and ground to fine powder using 
equipment in the Oklahoma Geological Survey and the OU School of Geology. The 
powdered samples were screened to obtain -170 mesh ore (90 J.Lm opening in a 170 mesh-
screen). Samples oftailings-pond sediment taken from the Creta mine (see Table I) were 
dried by placing samples overnight in an oven at 95°C and also screened to obtain -170 mesh 
ore. A dissolution technique was used in preparing powdered ore for analysis by atomic 
absorption spectroscopy (AAS). This method involves fusion with lithium metaborate 
(LiB02)(Medlin et al, 1969). 
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Bacteria and Media. Thiobacil/us ferrooxidans strain ATCC 19859 and Sulfolobus 
acidocaldarius strain ATCC 33909 were obtained from the American Type Culture 
Collection. The former was used in leaching experiments at 26°C, and the latter was 
employed in high temperature (70°C) tests. The media for the growth of both bacteria were 
recommended by the ATCC. Medium 64 (Thiobacillus Medium) for Thiobaci/lus 
ferrooxidans is similar to the 9K medium of Silverman and Lundgren ( 1959). Medium 1723 
(Revised Sulfo/obus Medium) for Sulfolobus acidoca/darius is a basal salts medium 
modified from Allen (1959). 
Culture Procedures. The growth of T. ferrooxidans was carried out in 250-ml 
Erlenmeyer flasks containing 90 ml Medium 64 with 1 0-ml portions of inoculum (previous 
culture without ore), or 95 ml Medium 64 with 5-ml aliquot (see below). The flasks were 
incubated at 26°C on a rotary shaker at 150 rpm, or on a reciprocal motion bath at 120 rpm. 
After 10 d, the culture was then ready for leaching tests or aliquot preparation. To prepare 
aliquots for long-term storage in the freezer, the culture was first centrifuged at 10,000 x g 
for 20 min to sediment the bacterial cells. The supernatant was then decanted, and the cells 
were resuspended in 10 ml Medium 64 with 10 ml 20% sterile glycerol and were frozen in 
aliquots. S. acidoca/darius was grown in 100 ml volumes in unshaken 250-ml Erlenmeyer 
flasks at 70°C on a water bath for 7 d. The preparation of cultures and aliquots was the same 
as that for T. ferrooxidans, except the culture medium used was Medium 1723. T. 
ferrooxidans was plated out in a two-layer gel at a pH of 2.5 as described by Harrison 
(1984). This simple and efficient method was used to overcome either inhibition of growth 
by conventional agar or mineral precipitation along the line of inoculation, which obscures 
or is mistaken for the cells. 
Leaching Experiments. Shake flask leaching experiments were carried out in 
250-ml Erlenmeyer flasks containing 90 ml leaching solution plus lOg (dry basis) of -170 
mesh ore. The ore flasks were inoculated with 10 ml of bacterial culture to make a final 10% 
ore slurry. The flasks were incubated at 26°C for T. ferrooxidans or at 70°C for S. 
acidocaldarius on a reciprocal motion water bath at 120 rpm. The leaching solution was 
Medium 64 or Medium 64 without some of its constituents. The pH was adjusted to 2.8 for 
T. ferrooxidans or 3.0 for S. acidoca/darius with IN ~S04 at the beginning of experiments 
(Because of the numerous components in Medium 1723, it is common to substitute Medium 
64 for Medium 1723 in leaching experiments (Brierley, 1977)). When the original sediment 
from the Creta mine was used in leaching experiments, the moisture content had been 
measured first, in order to make a final 100/o ore slurry. Some of the copper leaching tests 
were carried in a New Brunswick Microferm fermentor containing 2.7 l leaching solution 
plus 363 g tailing-pond sediment (equivalent to 300 g dry weight) from the Creta mine. The 
fermentor was inoculated with 300 ml T. ferrooxidans to make a 10% ore slurry. The 
operation temperature and agitation rate were kept constant at 28°C and 1000 rpm for all 
runs. The fermentation broth was sparged with air at controlled rates. 
Sample Analysis of Leaching Solution. During the course of the leaching 
experiments, l ml samples of the leaching solution were collected from the supernatant of 
the shake flasks after letting the slurry settle for 1 hr. The collected samples were diluted to 
25 ml, filtered through S&S Blue Ribbon filter paper (#589, Schleicher & Schuell, Inc., 
Keene, NH) to totally remove ore particles, and then centrifuged at 10,000 x g for 10 min in 
order to remove any bacterial cells. The resulting clear samples were ready for analysis of Cu 
or Zn by AAS. The time from sampling to analysis must be performed in 30 min to avoid the 
ltl 
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influence of bacterial activity. For the fermentor, the manner of the sampling was similar. A 
slurry sample of about 100 ml was collected directly from the sampling line of the fermentor 
during the operation and allowed to settle for 1 hr. A 1 ml supernatant sample was collected, 
and the rest of the slurry was inoculated back into the fermentor. The remaining steps were 
the same as above. 
RESULTS AND DISCUSSION 
Assay Results of Collected Ore Samples. Various samples of low grade ore were 
collected from the Picher field in northeastern Oklahoma and the Creta mine in southwestern 
Oklahoma. These samples are mine waste and consisted mostly of silica as a result of having 
been processed a number of times. The major minerals of the Tri-state ore are sphalerite 
(ZnS) and galena (PbS). The copper of the Creta ore occurs mostly as small grains (50-250 
JJ.ID) of copper sulfide. Chalcocite (CUzS) and digenite (C~S5) are the principal copper 
sulfides. Depending on mine locations, these minerals might form the rest of each mine 
waste. The elemental analyses of these samples are given in Table I. The samples from each 
area that gave the most interesting assay results are the following: 1) chat pile rock from the 
Picher Field (Sample P-2) which contained 0.8% Zn, and 2) tailings-pond sediment at 1.5 
feet deep from the west pond of the Creta mine (Sample C-1) which contained 0.3% Cu. The 
bacterial leaching studies were performed on these samples. 
Leaching of the Chat Pile Rock. A shake flask experiment using Medium 64 
showed a progressive rise in the zinc concentration of the medium up to 15 d by T. 
ferrooxidans at 26°C (Figure 1). The zinc concentration at 15 d (275 ppm) represents 38% of 
the zinc in the ore (the concentration would be 800 ppm if all the zinc were extracted). In 
this experiment, a flask with no cells (i.e. sterile) was also included. Only 13% of the zinc 
(100 ppm) was extracted under sterile conditions, substantially less than when T. 
forrooxidans was present. Thus, about two-thirds of the zinc being leached is due to the 
action of T.ferrooxidans. 
Using this result as a reference, more leaching tests were performed with the 
omission of single constituents of Medium 64 to determine the minimal medium. Medium 64 
was used in the inoculum in all cases. The results (Figure 2) showed experiments with the 
medium containing FeSO 4 had at least 25% of zinc being extracted (200 ppm), while the 
omission of FeS04 resulted in only 9% of zinc being extracted (75 ppm). Another shake 
flask test was performed in which all the components but FeS04 were omitted. The results 
(Figure 3) were virtually the same as the reference. These data indicate that MgS04, 
KH2P04, and (NHJ2S04 can be provided only from the inoculum without impairing the rate 
of zinc leaching. 
From these results it is apparent that the ferric ion is the dominant oxidizing agent, 
and that the bacterial effect is related mainly to the oxidation of ferrous to ferric ions. 
Anunonia nitrogen, phosphorus, sulfate, and magnesium are essential for growth of T. 
ferrooxidans. Magnesium is necessary for carbon dioxide fixation, and phosphorus is 
required for energy metabolism and for the first steps of iron oxidation (Brierley, 1978; 
Tuovinen et al., 1971). Anunonia is the preferred nitrogen source, but nitrogen has also been 
reported to be fixed by T. ferrooxidans (Mackintosh, 1976). In our experiments, the nutrient 
requirements of T. ferrooxidans in the leaching solution have not been quantitatively 
characterized, because the substrates used, especially ferrous sulfate, and various sulfide 
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minerals in chat pile rock are difficult to measure. We can say that the ferric-ferrous couple 
is a major redox component in the leaching solution, and the MgS04, KH2P04, and 
(NH4) 2S04 in 10% inoculum are enough. 
From Figures 1,2, and 3, the extraction of zinc still has an increasing trend after 15 d, 
and the complete leaching of zinc might take about 60 d or more. Therefore, we tested the 
thermophile S. acidocaldarius in bioleaching at high temperature (70°C) to determin~ if the 
leaching time could be shortened. The complete release of zinc was established in 
approximately 5 d, due to the enhancement of biochemical and chemical reaction rates at 
high temperature (Figure 4). A sterile control flask was also included. The differences 
between the presence and absence of bacteria in the leaching solution were small. The 
chemical oxidation rate of ferrous ions to form ferric ions was apparently high at high 
temperature, so that the contribution by the bacteria to the leaching was relatively low. 
Leaching of the Creta Mine Tailings-Pond Sediment. The results of the leaching 
of copper from the Creta mine tailings-pond sediment by T. ferrooxidans are presented in 
Figure 5 for runs which used either prepared (dry and ground) or native samples. The copper 
from the native tailings-pond pond sediment was completely leached in 24 hr, and the copper 
concentration in the leaching solution was higher by 100 ppm than for the samples that were 
dried, ground, and screened. It appears that drying makes a significant fraction of the copper 
(approximately 30%) resistant to leaching. Consequently, native samples were used in 
further leaching experiments. Figure 5 also shows data when no cells were present using the 
native sample. More than one-half of the copper leaching was caused by bacterial action. 
Shake flask experiments with the omission of single constituents of Medium 64 were 
performed. As shown in Figure 6, the lowest release of copper was that carried out in the 
lack of FeS04 (50-100 ppm), and the second lowest was the one without MgS04 (200-225 
ppm). A further experiment was performed in which all the components except FeS04 and 
MgS04 were omitted (Figure 7). The results were similar to those when the full Medium 64 
was used, indicating that only the amounts of (NH4) 2S04 ·and ~P04 in the inoculum are 
required without limiting the rate of copper leaching. 
Because the leaching of copper in shake flasks was relatively rapid, larger scale 
leaching with T. ferrooxidans was investigated using a mechanically agitated fermentor with 
aeration. Experiments with the fermentor containing 3 1 of culture were performed at 28°C 
and air flow rates of 0.1, 1.0, and 2.7 vol/vol/min with only FeS04 and MgS04 in the 
medium. The results are presented in Figure 8. From these results it is apparent that complete 
extraction was obtained in 12 hr even at the lowest aeration rate. Thus, the time to obtain 
complete extraction of copper was cut in half compared to when the leaching was carried out 
in shake flasks. 
Feasibility of Large Scale Operation. A preliminary design and economic analysis 
were done for scaling up the bacterial extraction of copper from the Creta mine sediment. 
The design was based on the vat leaching method because it is a high production rate method 
and produces directly a pregnant leaching solution of sufficient copper concentration for 
electrowinning. The qualitative flow diagram is presented in Figure 9. 
The scale up was based on processing 8000 kg of Creta mine tailings-pond sediment 
per batch at the same slurry concentration as in the fermentor tests to yield 26 kg of copper 
in solution. Two batches per day would be processed. The recirculation rates needed in the 
cultivation and leaching tanks were based on an experimentally determined bulk velocity of 
0.3 em/sec needed to keep the sediment suspended. The volumes of the cultivation and 
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leaching tanks were 7137 1 and 642341 respectively. Using a capital charge factor of 113 yr·1 
and considering only equipment, utilities, and labor, the resulting cost of copper extracted 
come to $2.5/lb. The contributions to the cost are shown in Table II. Although the cost is 
higher than the current price of pure copper (about $1.1 0/lb ), it is helpful in indicating where 
the process needs to be improved. 
The major contribution to the cost estimated is the labor cost per lb of copper, which 
could be reduced either by increasing the throughput or by reducing the labor cost per batch. 
Both the throughput and the labor cost per batch could possibly be reduced by using more of 
a "low technology" approach to the scale up. One approach would be to use a shallow pond 
containing a layer of sediment small enough (say 6 in deep) that it could be fluidized by air 
bubbling through it. This is a variation of the aerated trough bioreactor proposed by Andrews 
(1990). A medium sized pond with an area of 50 sq yd would hold approximately 560,000 
kg of a 6 in layer of sediment. Processing this amount of sediment in one day would increase 
the daily throughput by a factor of 35 and extract 1830 kg d"1 of copper. The labor cost 
should be able to be significantly reduced since the process could run unattended after each 
startup. The equipment cost would be much less, also. This approach deserves further study. 
CONCLUSIONS 
Several conclusions can be drawn from the present study: (I) Based on the studies 
with various medium components, the primary mechanism of bacterial leaching of zinc and 
copper by T. ferrooxidans for the mining wastes studied is by the indirect route, in which the 
bacteria catalyze the oxidation of ferrous to ferric ions. (2) The leaching of zinc by T. 
fe"ooxidans from pulverized chat pile rock was very slow but could be greatly accelerated 
using the thermophile S. acidoca/darius at 70°C. (3) The leaching of copper from native 
tailings-pond sediment was relatively rapid, with complete leaching taking only 12 hr in a 
fermentor with aeration and agitation. (4) Scaling up the leaching of copper from 
tailings-pond sediment with T. fe"ooxidans would be uneconomic at current copper prices 
using a fermentation tank with aeration but possibly could be profitable using more of a "low 
technology" approach in which the sediment is leached in a shallow aerated pond. 
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Table I. Elemental Analyses of Samples From Picher Field and Creta Minea.b 
Zn(%) Cu(%) Fe(%) 
·Sample C-1 0.01 0.30 1.80 
Sample C-2 0.01 0.20 1.80 
Sample C-3 0.01 0.25 1.50 
Sample P-1 0.03 0 0.74 
Sample P-2 0.02 0 0.75 
Sample P-3 0.80 0 0.60 
a Sample C-1 and Sample C-2 were obtained from the west pond. Sample C-3 
was collected from the middle pond. Depth of samples: 18 in deep for samples 
C-1 and C-3, and 6 in deep for sample C-2. · 
b Sample P-1 was a typical rock of boulder piles, obtained from the Sec. 29, 
Shaft 61. Sample P-2 and Sample P-3 were collected from the Sec. 17, Shaft 
41. Sample P-2 was also a typical boulder pile rock, but darker than Sample 
P-1. Sample P-3 was a chat pile rock. 
Table ll. Contributions to the Product Cost for the Preliminary Analysis 
Item Cost, $/lb Cu 
Equipment 0.31 
Utilities 0.12 
Labor 2.09 
Total 2.52 
Contribution, % 
12 
5 
83 
100 
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Figure 1. ShUe flask leaching of Zn from Picher. field chal pile rock ill 
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Figure S. Shake flask leaching of Cu &om Crera mine 1111lings-pond sedimcut 
in Medium 64: ( •) T.ferroozuimu and native sample; ( 0) T.fernKJJ:uians 
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Figure 2. Elfect of omission of single components of Medium 64 on the shake 
flask leachin1 of Zn from Picher field chal pile rock by T. fen-oozuions: ( C ) 
Medium 64; ( + ) Medium 64 w/o M8504; ( 0 ) Medium 64 w/o 
(N}4)2S04; ( 4) Medium 64 w/o KH2P04; ( x ) Medium 64 w/o FeS04. 
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Figure 4. ShUe flask leaching of Zn &om Picher field chal p1le rock: ( 0 ) S. 
acitkx:Didama i.a Medium 64; ( x) Medium 64 sterile. 
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Figure 6. Elfect of omission of single componenrs of Medium 64 on the shake. 
flask leachinl of Cu &om Crera mine tailings-pond sediment by T. 
fernKJJ:Idanr. ( 0 ) Medium 64; ( • ) Medium 64 w/o MgS04; ( 0 ) Medium 
64 wto (N}4)2S04; ( 4 ) Medium 64 w/o KH2P04; ( x ) Medium 64 wto 
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Figure 9. Flow diagram for scaled up preliminary design. 
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SUSPENSION CULTURE OF CHINESE 
HAMSTER OVARY CELLS UTILIZING INCLINED 
SEDIMENTATION 
Abstract 
James A. Searles, Paul Todd, 
& Dhinakar S. Kompala 
Department of Chemical Engineering, 
University of Colorado, Boulder, CO 80309-0424 
A three-port inclined sedimentation column has been utilized for the preferential 
removal of non-viable cells and cell debris from and return of viable cells to a suspension 
culture of Chinese hamster ovary cells. Previous studies separating non-adherent 
hybridomas using a 2-port inclined settler demonstrated preferential removal of non-viable 
cells but were unable to quantify the return of cells to the bioreactor. In this study, a 3-port 
settler held at 4°C provided adequate return of normally adherent cells to the bioreactor, 
under which conditions viable cell return averaged 92% and non-viable cell removal 
averaged 37% of all cells fed into the settler. 
Introduction 
The long-term suspension culture of mammalian cells in a stirred tank bioreactor 
has long been the goal of biotechnologists. The stirred tank's attractiveness can be 
attributed to its simplicity of design and homogeneity of internal conditions (Hodgson, 
1991). Scale up demands the highest cell densities possible, which requires the use of a cell 
retention device which permits the bioreactor to be perfused with nutrient medium. 
The optimal cell retention device will not subject the sensitive mammalian cells to 
excessive shear forces, will be simple in design with no moving parts, will be inexpensive 
to build and operate, and will retain viable cells while removing non-viable cells and debris. 
Removal of non-viable cells and debris is critical to maintaining cultures for long periods of 
time, as bioreactor fouling with these components is the principal reason for shutdown or 
subculturing of such cultures. Furthermore, dead cells have been shown to secrete 
glycosidases, which degrade secreted and cell-surface glycoproteins (Gramer & Goochee, 
1992), and DNA, which promotes aggregation (Boyse, 1960). 
We feel that inclined sedimentation meets all of the above criteria, and that this and 
ongoing work in our laboratories will yield a cheap, scaleable alternative to spin fllters, 
cross-flow microfllters, centrifugal devices, and vertical settlers alike. This report 
summarizes previous work with hybridomas in an inclined sedimentation culture system 
and details recent progress on inclined sedimentation used with CHO cells in continuous 
suspension culture. 
lili 
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Materials and Methods 
Cells 
Mouse hybridoma cell line AB1-143.2 which produces monoclonal lgG2A 
antibody against benzene arsenate (Hornbeck and Lewis, 1985) was used as a test 
hybridoma cell line. Recombinant Chinese hamster ovary cells, CHO M1-59, were kindly 
supplied by Dr. Martin Page ofWellcome Biotechnology Limited (United Kingdom). Cell 
line CHO M1-59 contains the human 8-interferon expression plasmid shown in Figure 1. A 
plasmid-containing population is maintained by the addition of 1Q-6 Molar methotrexate 
(MTX), and production and secretion of the interferon is induced by the addition of Cd++ to 
the medium (Page, 1985). Additional studies were conducted using the untransfected 
parent cell line CHO DUK (A TCC No. 9096)(Urlaub, et al., 1980). 
Mouse hybridoma cell line AB2-143.2 was maintained by continuous passage in 
culture flasks in Dulbecco's modification of Eagle's Minimum Essential Medium (DMEM), 
supplemented with MEM amino acids and 0.1 mM Na pyruvate at a glucose concentration 
of 22 mM as previously described (Batt et al., 1990). The same medium was used in 
perfusion bioreactor studies. · 
CHO M1-59 cells were cultured in Minimum Essential Medium (S-MEM), Joklik-
modified (Gibco #410-2300) supplemented with 100 U/mL penicillin, 100 JJ.g/mL 
streptomycin, 40mg/L L-proline, 2X MEM Amino Acids Solution (Gibco #320-1130), 2X 
MEM Vitamin Solution (Gibco #320-1120), 2.0 mM L-glutamine, 1mM sodium pyruvate, 
and 2.5 giL glucose. 
Hybridoma and CHO cells were cultured in 250 mL spinner flasks in a water-
jacketed incubator maintained at 37°C with the C~ concentration maintained at 7%. CHO 
cells were suspension-adapted to 40 RPM over a period of several weeks. -
Bioreactor 
Schematic drawings of the perfusion bioreactor with two and three-port inclined 
settlers are shown in Figure 2. The settler theory has been described in detail (Davis, et al., 
1991). The volume clearing rate, S is directly proportional to the sedimentation velocity, 
v 
v, of the suspended particles and the horizontal projected area of the bottom surface of the 
settler. 
S = wv(Lsin8 + bcos8) 
v 
where w = settler width, L = settler length, b = settler thickness and 8 = settler angle with 
respect to the vertical. 
The reactor vessel is a 1.5-L Celligen (New Brunswick Scientific), which was used 
with the Celligen controller system to regulate pH, Dissolved Oxygen, pC~. impeller 
speed, and temperature. Agitation was with the New Brunswick Cell Lift impeller at 70 to 
lOORPM. 
Flows such as medium feed and settler lines were controlled by peristaltic pumps 
(Watson Marlow and Cole Parmer). All tubing was 100% silicone Masterflex (TM)(Cole-
Parmer), and all inner glass surfaces of the bioreactor and settlers were pretreated with 
dichlorodimethylsilane (Sigma) to discourage cell adhesion. 
Cell Growth, Size, and Viability 
In experiments in which the two populations of viable and non-viable cells were 
sized separately, they were separated from one another by equilibrium discontinuous 
density gradient sedimentation. Cells were layered in suspension in 3 mL of culture 
medium atop 2 mL ofHistopaque 1077 (Sigma) in a 15 mL conical centrifuge tube. After 
30 minutes of centrifugation at 400 x g, one distinct band of cells at the interface contained 
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principally viable cells, while a pellet at the bottom consisted of nearly 100% non-viable 
cells plus debris. 
Cell sizes were measured on the basis of volume with a Coulter Multisizer 
(TM)(Coulter Electronics). Forward-angle and perpendicular light scattering intensities 
were measured using a Coulter EPICS 541 flow cytometer (Batt, 1990). Viabilities were 
measured using trypan blue staining and hemacytometer counting. For flow cytometric 
analysis of viability, cell suspensions were mixed 1:1 (v:v) with a phosphate-buffered-
saline (PBS) solution containing 1 mg/mL propidium iodide (Sigma, #P4170). Florescence 
was excited by the 488 nm line of the Arion laser and detected perpendicularly to the beam. 
Results and Discussion 
Analysis of Hybridoma Bioreactor Utilizing a 2-Port Inclined Settler 
In this configuration, used by Batt (Batt 1990; & Batt et al. 1990) the settler 
underflow/feed port was 1.27cm in diameter, and a silicone tube connected it to a stainless-
steel tube which extended down into the bioreactor a distance of approximately 15 em. As 
the overflow from the settler was withdrawn by a peristaltic pump, cell culture medium and 
cells were draWn into the bottom of the underflow/feed port. In this configuration, it was 
hypothesized that cells returning from the settler to the bioreactor would proceed down the 
tube, back into the cell suspension. 
Figure 3 shows the size difference between the viable and non-viable hybridoma 
cells based upon forward-angle-light-scatter from the flow cytometer. In Figure 4, the 
dependence of the separation of the viable and non-viable cells upon flow rate through the 
settler is shown. This depicts to what extent the overflow stream cell populations resemble 
the bioreactor populations. It serves to illustrate the ability ofthe 2-port settler to remove 
cells from the exit stream by sedimentation, but sheds no light on the its ability to return 
these cells to the bioreactor. Given the configuration of the settler and the its 
feed/underflow tube, it is doubtful that cells sedimenting against this flow were being 
returned to the bioreactor in the swiftest manner possible. 
CHO Culturing Utilizing a 3-Port Inclined Settler 
In considering whether or not CHO cells were candidates for inclined 
sedimentation, the sizes of the viable and non-viable cells were analyzed. As seen in Fig. 5, 
a two parameter histogram of forward-angle-light-scatter vs red fluoresce from propidium 
iodide resolves two distinct populations. Since propidium iodide stains only non-viable 
cells, the population with the higher intensity of red florescence and smaller size is non-
viable. This indicates in general that non-viable CHO cells are smaller than their viable 
counterparts. 
To quantify the size difference between the live and dead populations, they were 
separated as described above and measured with the Coulter Multisizer. In Figure 6, the 
70% viable population has a mean diameter of between 11 and 12 micrometers, while the 
dead cells are 8 to 10 microns in size. This size difference was close to what Batt had 
determined for his hybridoma cells (Batt et al. 1990). 
To perform a cell balance around the settler and speed the sedimented cells' return 
to the bioreactor, a 3-port settler was constructed by at first adding a separate feed port to a 
2-port model. Cells that settle onto the lower surface are now flowing with gravity and the 
bulk flow as they enter the lower taper of the settler and flow through small-bore silicone 
tubing to the bioreactor. As shown in Fig. 2a, the settler feed and overflow lines are 
pumped, and all three lines can be sampled. For all data shown, the overflow and 
underflow rates were equal to the perfusion rate, with the bioreactor feed being equal to 
two times the perfusion rate. 
Initial data obtained using the first three-port settler are shown as Figure 7. Here the 
overflow concentrations of viable and non-viable cells are shown vs the angle of inclination 
Iii 
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from the vertical. As in the case of flow rate, the angle has a direct effect upon the 
separation. This preliminary data set confirms a preferential removal of non-viable cells 
over their viable counterparts. At the same time, however, the return rate of viable cells 
from this settler back to the bioreactor were very low (data not shown). 
In these experiments the CHO cells were attaching to the settler surfaces. In order to 
inhibit cell attachment and facilitate their return to the bioreactor, the settler was cooled to 
4°C. Cooling of the settler has the additional benefit that it reduces the metabolic activity of 
the cells, preserving their viability as they spend their as yet undetermined residence time in 
the settler. 
Settler removal, calculated as the ratio of the settler overflow concentration to the 
settler feed concentration for viable and non-viable cells, is shown in Figure 8, which 
shows how the settler performed with changes of the angle. In response to the cooling, the 
settler averaged a return of 92% of viable cells returned to the bioreactor and 37% of non-
viable cells removed from the bioreactor (percentages based upon the feed to the settler, 
data not shown). The ability of the three-port inclined settler to affect perfusion of the 
bioreactor with a viable cell loss rate of less than 10% makes it an excellent tool for 
extending the lifetime of continuous cultures and, ultimately, for enhanced production of 
foreign proteins. 
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Figure 1. The amplifiable, inducible 6-interferon expression plasmid pSVd.M1F. 
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Figure 2. Schematic diagrams of the perfusion bioreactor with external inclined settlers 
attached (a) represents the 2-port design in which the settler underflow and settler feed 
flow, in opposite directions, in the same tube. (b): the 3-port design which isolates each 
flow. 
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removed in the inclined settler overflow as a function of settler angle relative to the vertical. 
Data are for a settler kept at 37°C. 
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The Effect of Feed Zone Turbulence as Measured by Laser Doppler 
Velocimetry on Baker's Yeast Metabolism in a Chemostat 
Ron Beyerinck and Dr. Eric H. Dunlop 
Department of Agricultural and Chemical Engineering 
Colorado State University 
Fort Collins, Colorado 80523 
Introduction: 
Previous results show that the steady state behavior of 
Saccharomyces cerevisiae in continuous culture is highly affected 
by mixing in the nutrient feed region (Fowler and Dunlop, 1989). 
Large changes in the cell mass, glucose, and ethanol 
concentrations occurred when mixing was induced by screens at the 
feed injection zone in a recirculation loop with the effect 
enhanced at higher dilution rates. Mixing was thought to result 
in a higher cell surface glucose concentration due to a decreased 
boundary layer. This higher surface concentration causes glucose 
repression to take effect resulting in a decreased steady state 
dry cell mass concentration and increased glucose and ethanol 
concentrations. The current study seeks to quantify the induced 
turbulent mixing in the feed zone and relate this to the 
biological response~. 
In order to quantify the degree of turbulence a two 
dimensional laser Doppler velocimeter (LDV) was used allowing 
measurement of fluid velocities in a nonintrusive manner. Four 
intersecting laser beams set up a measuring volume at their 
common intersection point. A particle moving with the flow 
scatters light when passing through this volume at Doppler 
frequencies proportional to two of the particle's component 
velocities. Since particles in the fluid arrive in the 
measurement volume at random times, the output of the LDV is a 
randomly sampled time series of velocities. Any measured 
instantaneous velocity U in this time series consists of an 
average componen~U and a fluctuating component u. The mean 
square velocity u 2 equals the variance of the time series' 
velocities. 
Reynold's stresses, the first type of turbulence quantity 
considered, are terms in a equation derived from the 
Navier-Stokes equation and the continuity equation that account 
for the differences between turbulent and laminar flow of an 
incompressible Newtonian fluid. Reynold's stresses can be normal 
stresses, -p~ and -p~, or shear stresses, -puv, where p is the 
fluid density and u and v are orthogonal velocity components. The 
Reynold's shear stress is proportional to the rate or, more 
properly, the flux of momentum transport (Townsend, 1949). 
. ~---The total turbulent energy equals 2(u 2 +v 2 +w 2 ) and the rate or, 
again more properly, the flux of turbulent energy transport in 
- ~------the v direction equals pv+ 2(u 2 v+ v 3 + w 2 v) where p is the pressure 
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fluctuation divided by the fluid density and w is the third 
orthogonal fluctuating velocity component (Townsend 1949, 1976). 
In the current study the fluctuating pressure term is considered 
negligible since water is nearly incompressible. The total 
turbulent energy and its flux can be related to give a mean jet 
velocity or convection velocity Vc in a defining equation 
(u 2 v + v 3 + w2 v) = v cCu 2 + v 2 + w2 ) 
This is analogous to the mass transfer rate equation with the 
convection velocity holding the same significance as the mass 
transfer coefficient. Interestingly, a dimensionless number of 
the ratio of the convection velocity and the mass transfer 
coefficient could be quantified in a mass transfer limited 
system. This ratio could very well be scale independent thereby 
allowing use of the LDV to predict reactor performance. Also a 
momentum transport coefficient could possibly be quantified and 
used in a dimensionless number. 
Since turbulence values are to be related to yeast growth 
characteristics where the yeast are responding to mass transfer 
rates of glucose, the magnitude of the turbulence values appear 
to be of the most interest. Therefore turbulence parameters that 
can have negative values, such as the shear stress and the 
turbulent energy fluxes, were calculated from the time series to 
give absolute values. 
Another turbulence parameter, called the intermittency 
-2-factor, is defined as 3(u 2 ) lu 4 or 3/flatness factor. The 
intermittency factor equals zero for laminar flow and equals one 
for perfectly isotropic turbulence (Townsend, 1949). 
Experimental: 
Filtered distilled water seeded with 0.778 ~diameter 
polystyrene beads along with 0.1% Tween 80 to prevent the beads 
from agglutinating was pumped with a vane pump through size 18 
Masterflex tubing to a 73 em long, 10.75 mm ID glass pipe at a 
pipe Reynold's number of 1350. The pipe included a pulse damper 
23 mm down from the inlet end. A static mixer consisting of two 
perpendicular 4 mm diameter steel cylinders, one nested. halfway 
into the other, was placed normal to the flow and each cylinder 
extended the glass pipe diameter. The Reynold's number based on 
the mixer's cylinder diameter was 500 so the flow was in the 
irregular range meaning the eddies contained turbulent fluid 
(Roshko, 1954). A magnet external to the glass pipe held the 
mixer in place and allowed the mixer to be moved axially relative 
to the LDV's measuring volume. 
The TSI LDV system used consisted of an argon ion laser , a 
two component beam separator and fiber-optic system, and PC 
interfaced IFA 550 flow analyzers for signal processing. A corner 
cube retroreflector rigidly mounted in line with the laser probe 
allowed radial movement of the measuring volume in the glass pipe 
using a micrometer controlled stage. The measuring volume was a 
maximum 1.56 mm long and 120 microns in diameter wi~h the actual 
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size a function of the Doppler signal to background noise ratio. 
The glass pipe was enclosed in a square glass duct filled with 
methyl benzoate as an index matching fluid to minimize refractive 
bending of the laser beams. The LDV measured two orthogonal 
velocity components each at a 45 degree angle to the axis of the 
pipe and normal to the pipe radius. A beam from each LDV channel 
was frequency shifted at 3 mHz and the electronic signal from the 
photomultiplier was shifted back 39.9 mHz to give a resultant 
shift of 100 kHz. The high and low signal filters were 300 and 30 
kHz respectively. To obtain valid two dimensional statistical 
parameters the IFA 550 was run in coincidence mode with the 
coincidence window width more than an order of magnitude less 
than the average time between data. Time series consisting of 
104,448 2D velocity measurements were collected at 10 radial 
positions at each of 41 axial positions. The radial positions 
were spaced equally from the tube centerline, r/R = o, to r/R = 
0.9 where R is the glass pipe radius. At the wall, r/R = 1, the 
no slip condition was assumed. The axial positions consisted of 
21 positions at 2 mm intervals from 10 mm to 50 mm downstream of 
the obstruction, then 10 positions at 5 mm intervals from 55 mm 
to 100 mm downstream, and the last 10 positions at 10 mm 
intervals from 110 mm to 200 mm downstream. Axial positions are 
presented dimensionlessly as x/d where x is the axial position in 
mm and d is the 4 mm diameter of the cylinders making up the 
static mixer. 
The measured velocity components were changed into axial and 
tangential components by vector addition. The turbulence 
parameters were calculated using the assumption that v and w are 
equal where u is the axial component, v is the tangential 
component, and w is the unmeasured radial component. Therefore 
.--the total turbulent energy equals 2(u 2 +2v 2 ), the axial turbulent 
.--energy transfer rate equals 2(u 3 +2v 2 u) and the tangential and 
.-- -radial transfer rates equal 2 (u 2 v+2v 3 ~ All turbulence parameters 
were integrated over the pipe cross sectional area using 
Simpson's rule and then integrated axially using the trapezoidal 
rule to give volume integrated values. 
The vane pump, tubing, and glass pipe with pulse damper were 
attached to a continuous stirred tank fermenter (3 liter 
Applikon) as a recirculation loop. Downstream 50 em from the 
inlet of the glass pipe at the same axial position as the LDV 
measurements a 20 gauge hypodermic needle was attached as a feed 
port with the needle first passing perpendicularly through the 
pipe wall and at the pipe centerline bent downstream. The mixer 
will be moved upstream of the needle using magnets. A wild type 
Saccharomyces cerevisiae will be grown aerobically and 
continuously at pH 3.0 and 30C in one liter of media with the 
same flow rate through the recirculation loop as used during the 
LDV measurements. 
-------------------- ---- -~----
42 
Results and Discussion: 
Surface maps of the axial and tangential Reynold's stresses 
and the total turbulent energy, all related values dependent on 
the variance of the component velocities, show the decaying 
turbulent wake (Figures 1,2, and 3). Near the mixer, at xfd = 
2.5, high stress and energy values occur and quickly decay 
downstream. The shear Reynold's stress, proportional to the rate 
of momentum transfer, shows extreme values near the mixer in 
Figure 4. The net shear stress can change sign, indicative of the 
direction of transport. The absolute shear Reynold's stress, 
pluvl, is proportional to the gross flux of momentum transfer and 
therefore quantifies the total flux of momentum (Figure 5). The 
mean axial velocity was found not to be axisymmetric thereby not 
allowing calculation of useful momentum transfer coefficients 
from the shear stress. The mean square of the fluctuating 
velocity components was much more nearly axisymmetric. 
Dividing each absolute turbulent energy transport flux 
(Figures 6 and 7) by the total turbulent energy (Figure 3) gives 
the absolute mean jet velocity or convection velocity (Figures 8 
and 9). Unexpectedly extreme mean jet velocity values far 
downstream where uniformly small values are expected are the 
result of taking the ratio of small values of turbulent energy 
and its transport rate. Here small deviations lead to large ratio 
changes. 
An estimation of the turbulent energy dissipation rate, E, 
was found from the distribution of the turbulent energies (Figure 
3). A decrease in turbulent energy from one axial position to the 
next one downstream multiplied by the average of the two local 
average axial velocities divided by the distance interval gives 
an estimate of the energy dissipation rate. The radially averaged 
values based on the negative energy changes occurring in the 40 
axial intervals are shown in Figure 10. The scatter in the 
estimates from 14 to 20 em downstream are the result of the 
turbulent energy flattening out and the energy differences 
approaching zero. This estimated dissipation rate is probably an 
underestimate since energy dissipation due to input from wall 
surface drag is still occurring even where the measured turbulent 
energy has reached a steady level. The energy dissipation rate is 
used in formulas for some of the common microscales used to 
describe the eddy diameter and turnover time such as the Taylor 
microscale and the Kolmogoroff scales (Hinze, 1975; Townsend, 
1976). As an example the radially averaged estimate of the 
I 
Kolmogoroff length scale, equal to (v 3/E) 4 and quantifying the 
diameter of the smallest eddies, at different axial positions is 
shown in Figure 11. The intense turbulence near the mixer results 
in small eddies and as the turbulence decays downstream the 
eddies increase in size. The high variability in the estimates 
downstream is again the result of the turbulent energy values 
flattening out downstream and the energy differences approaching 
zero. 
The intermittency factors shown in Figures 12 and 13 do not 
show the decay as dramatically as the other parameters and might 
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not be as useful since they describe the quality of the 
turbulence more than its magnitude. 
Continuous fermentations have been started with the static 
mixer positions relative to the injection needle decided by 
cumulative volume integrated values of the shear Reynold's stress 
magnitude. Feed injected downstream of the mixer would be 
subjected to the cumulative stresses of the turbulent wake as it 
flowed downstream. To quantify the cumulative stresses, volume 
integrated slices across the cross sectional area for each axial 
interval were calculated and these values were summed from each 
axial position to 13 em downstream where the absolute shear 
stress reached a steady value. The cumulative volume integrated 
stress at one em was evenly divided to give five injection points 
at 1.0, 1.8, 2.9, 5.1, and 13.0 em (Figure 14). 
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Figure 1: Axial Reynold's stress Figure 2: Tangential Reynold's stre1 
Figure 3: Total turbulent energy 
4 
Figure 4: Net shear Reynold's stress 
Figure 5: Absolute shear Reynold's stre 
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Figure 6: Axial turbulent 
energy tranport flux 
Figure 8: Axial convection velocity 
Figure 7: Tangential turbulent 
energy transport flux 
Figure 9: Tangential convection velocj 
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EFFECT OF MEDIUM CONSTITUENTS UPON MEMBRANE 
COMPOSITION OF INSECT CELLS 
Paul Li-Hong Yeh,Grace Y. Sunl, Gary A. Weismanl and Rakesh K. Bajpai 
ABSTRACT 
Department of Chemical Engineering 
I Department of Biochemistry 
University of Missouri,Columbia, MO 65211 
Although a number of research papers have discussed the effect of cellular 
environment upon the viability and productivity of different cell lines, very few 
have focussed their attention upon the interaction between cell biology and 
environment. In order to understand how environment affects the behavior of 
cells, this project is focussing upon the effects of environmental stress on the lipid 
composition in cell membrane. The composition of membrane in SF9 cells has 
been characterized and compared with that in mammalian cells. Pluronic F-68, a 
medium additive, has been shown to change the membrane structure by altering 
the fatty acyl chain of PE and PS/PI, but not PC. Possible potective mechanism of 
cell by adding F68 is discussed. 
INTRODUCTION 
Microbial, plant, and animal cells are frequently exposed to environmental 
stress in bioengineering and processes, including dissolved oxygen concentration, 
pH, nutrients, and hydrodynamic stresses. It is well known that plasma 
membrane of cells plays a vital role in cellular response to environmental stress. 
Membrane encapsulates the cytoplasm and creates internal compartments in which 
essential metabolism is carried out. In addition to its role as a physical barrier 
that maintains the integrity of the cell, plasma membrane provides functions 
necessary for the survival of the cell, including uptake of nutrients, disposal of 
toxic materials and interaction with components in the environment. 
In this study, anchorage-independent insect cells SF9 were used. 
Membrane characteristics will be determined using thin layer chromatography 
(TLC). Effect of pluronic polyol F-68 on membrane composition is studied. 
MATERIALS AND METHODS 
Cell Culture 
Insect cell line Spodopterafrugoperda · (SF9, passage 18) was obtained 
from ATCC (Rockville, MD) and used for experiments between passage 22-40 in 
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this work. SF9 cells were grown on stationery T-175 culture flasks (Falcon,PA) 
at 280C. TNM-FH medium was supplemented with heat inactivated 10% fetal 
bovine serum (Sigma, MO). The initial osmolarity and pH of the medium were 
355 mOsm/1 and 6.2, respectively. SF9 cells were subcultured twice a week 
(Summers and Smith,1987). 
Cell Counts 
Cell counts were measured using hemacytometer. Viabilities were 
determined by trypan blue exclusion method. An average cell number was taken 
from 4 cell counts from each of 2 independent samples. 
Phospholipid Analysis 
Procedures to analyze phospholipids is described by Sun (1988). Briefly, 
five to seven days after subculturing SF9 cells on 150cm2 dishes, the growth 
medium was replaced with TNM-FH medium containing tO% (v/v) fetal bovine 
serum. After 4 h, the cells were washed three times and incubated in 2 ml of 
HBS (pH 6.4) for 5 min at 28°C. The cells were scraped from the dishes using a 
rubber policeman, transferred to a borosilicate glass tube and 8 ml of 
chloroform:methanol (2: 1, v /v) was added. The cell sample was vortexed for 15 
seconds, centrifuged at 800 x g for 10 min at 25°C, and the lower (organic) 
phase was passed through a Na2S04 column to test tube. The organic extracts 
were pooled, evaporated to dryness and redissolved in chloroform:methanol (2: 1, 
v/v). 
The phospholipids in the extract were separated on silica gel 60 HPTLC 
plates (1 0 x 10 em). After spotting the lipid extracts, the HPTLC plates were 
developed in a solvent system comprised of hexane:ethyl ether: acetic acid 
(85:15:2, by vol) for 30 min. To further identify the components in 
phospholipid, two dimensional thin layer chromatography (2D-TLC) was applied 
using first solvent system comprised of chloroform:methanol:acetone: 14.8 N 
ammonium hydroxide (75:40:10:10, by vol). The plates were air-dried, exposed 
to concentrated HCl vapor for 2.5 min to hydrolyze alkenyl ether bonds of 
plasmalogen, and air-dried. The plates were then turned 90° and developed in a 
second solvent system comprised of chloroform:methanol:acetone:glacial acetic 
acid:ammonium acetate (70:30:27.5:2.3:5, by vol). The plates were air-dried and 
the lipid spots, visualized by exposure to fluorescent dye under UV light, were 
then scraped into test tubes and analyzed by gas chromatography (Figure 1 ). 
To further identify the peaks with respect to retention time in GC, organic 
extracts were separated on silver nitrate treated silica gel 60 HPTLC plates in 
hexane:ether:acetic acid solvent system. Bands are separated in accord with 
number of double bonds. The retention time was compared with that of cell 
samples to identify fatty acid methyl esters. Phospholipids was quantified by using 
internal standards 17:0 fatty acid methyl ester. 
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Addition of F68 
SF9 cells were grown on complete growth medium containing Pluronic 
polyol F68 (2%, v/w). After 4 days of incubation, the cells were harvested for 
cell counts and lipid analysis. 
RESULTS AND DISCUSSION 
( 1) Characterization of insect cell membrane composition 
From one dimensional TLC, four bands were separated according to 
polarity of headgroups and analyzed, which were phospholipid, 
cholesterol/diethylglycerol, free fatty acid and triacylglycerol. Two dimensional 
TLC was also applied to further identify the contents in phospholipid. It is noted 
phospholtidylcholine (PC) and phosphotidylethanolamine (PE) were seperated 
very well in this system but the spot of phosphotidylserine (PS) was overlapped 
with phosphotidyl inositide (PI) (Figure 2). To quantify the membrane lipid 
composition, internal standard was used.The total phospholipid of SF9 cells was 
230.4 ug/107 cells, which contained 45% PE, 28% PS!PI and 27% PC. A small 
band of sphingomyelin was also detected in 2D-TLC plate, which was less than 
3% of total lipids. It is interesting that no phosphotidyl acid was found in insect 
SF9 cells. To further identify the peaks at different tretention time in the gas 
chromatograph, TLC plates were coated with silver nitrate to be used to separate 
the lipids according to the number of double bonds in the fatty acyl composition. 
The retention time profile was compared with that of each GC sample and each 
peak in the lipid analysis was identified(Figure 3). It is noted for insect cells, 
large amount of monounsaturated palmitoleic acid (16:1) and oleic acid (18:1) 
were presented in tryacylglycerol as well as in total phospholipids when 
compared with mammalian rat brain cells (Figure 4). Only trace amount of 
arachidonic acid (20:4) was found in SF9 cells. It is also interesting to note that 
polyunsaturated fatty acid (22:6) which existed in most mammalian cell lines was 
not found in insect cells. This shed some light in the rationale of development of 
growth medium for different cell lines. In this case, linoleic acid (18:2) and 
linolenic acid (18:3 ), which were essential lipids for synthesizing polyunsaturated 
fatty acids for mammalian cells, were not required for the growth of insect cells 
(Mitsuhashi, 1982). The cholesterol content in SF9 cell line was 25.6 ug/107 
cells, which was comparable to mammalian cells. 
(2)Effect of medium additive F68 
Nonionic surfactant F68 is widely used in medium preparation in serum 
free medium as emulsifier of lipids. It is suggested Pluronic F68 also have 
protective effect on animal cells in agitation and sparging (Swim and Parker, .· 
1960; Mizrahi, 1984 ). Murhammer and Goochee (1990) proposed F68 formed a 
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sheath layer around cell membrane for its protective mechanism in airlift 
bioreactor. In our study, F68 is not cytotoxic to insect cells up to 2% (v/w) 
presence in the medium. But higher concentration of F68 and other surfactant 
such as tween-80 had advert effect on cell growth which might be due to 
disturbance of cell membrane. 
In the analysis of phospholipid composition of SF9 cells, the addition of 2% 
(v/w) F68 in the medium for 4 days caused intrinsic changes in phospholipid 
composition .. This study support the hypothesis that F68 interact with cell 
membrane as well as decrease the surface tension in the gas-liquid interface. 
Similar trends were observed that 10% palmitic acid decrease (16:1) and 10% 
increase in oleic acyl composition (18:0) in two major component in 
phospholipid, PE and PS/PI, but not detected in PC when F68 was added(Figure 5 
and 6). Membrane rigidity is increased due to the decrease of monounsaturated 
acid and increase of saturated acid; this might shed some light in the possible 
protective role of F68 in sparging systems by increase the membrane rigidity of 
the cells. This result contrast with the report that lymphoblastoid cells treated 
with pluronic F68 reduces cell rigidity (Mizrahi, 1984 ). It is proposed pluronic 
F68, due to its relative large hydrophobic and hydrophilic groups, interacts with 
cell membrane by anchoring the hydrophobic portion thus rigidifies the 
membrane. How the cells changes lipid composition of membranein response to 
the addition of F68 is still not known today. 
CONCLUSIONS 
The membrane composition of different cell lines are different, which is 
important in developing the essential medium for a specific cell line. 
Pluronic F68 has been shown to change the membrane structure by altering 
the fatty acyl chain of PE and PI/PS, but not PC of the insect cells. 
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Figure 1. Protocol of lipid analysis 
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Figure 3. Retention time profile of fatty acyl composition of phospholipid 
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Figure 5. Effect of F68 on fatty acyl composition of PE 
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ABSTRACT 
This paper describes the ethanol tolerance and metabolism of 31 strains of 
Lactobacillus on glucose, xylose, lactose, cellobiose and starch. The purpose of this work was 
to determine the suitability of the 31 strains as potential host for the ethanol producing genes, 
pyruvate decarboxylase and aldehyde dehydrogenase, from Zymomonas mobilis. The 31 
strains were screened for their ability to grow in 0 to 8% v/v ethanol on all five carbohydrates. 
Those strains that were able to grow to an OD of 1. 0 in 8% ethanol were evaluated at ethanol 
concentrations up to 16% v/v. The fermentative products from the 5 carbohydrates were 
analyzed to determine the ratios of lactic acid, ethanol, and acetic acid. 
Keywords: Ethanol, tolerance, Lactobacillus, carbohydrate, utilization. 
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INTRODUCTION 
The efficient biological conversion of biomass to ethanol requires isolation or 
development of microorganisms capable of fermenting an array of carbohydrates and tolerating 
high concentrations of ethanol. Recently, the genes coding for pyruvate decarboxylase and 
aldehyde dehydrogenase from Zymomonas mobilis were cloned and introduced into Escherichia 
coli (16). Transformants produce~ 58, 52, and 42 g/1 of ethanol from 12% glucose, 12% 
lactose, and 8% xylose at efficiencies of95%, 80% and 102%, respectively (1). The 102% 
conversion of xylose was attributed to the additional catabolism of amino acids. Production of 
higher levels of ethanol by E. coli would not be expected, however, since this organism does 
not tolerate greater than 7. 5% ethanol (1). 
One group of bacteria which may have potential as candidate recipients of the 
production of ethanol genes (PET) and as possible ethanol producers is the Lactobacillus. This 
genus has many desirable properties and has been recommended as the organism of choice for 
many industrial fermentations ( 6). Many of the carbohydrates found in biomass, such as 
starch, cellobiose, lactose, glucose, and xylose, are fermented by various species of this genus 
(19, 24). Since metabolism by these bacteria occurs via glycolytic or pentose-phosphate 
pathways, both of which generate pyruvate, expression of cloned pyruvate decarboxylase and 
aldehyde dehydrogenase genes could result in high levels of ethanol production. In addition, 
several species possess a high level of ethanol tolerance which allows for their competitive 
success in fermentative environments ( 17). For example, Lactobacillus heterohiochii and 
Lactobacillus homohiochii, spoilage organisms of the rice wine, sake, are reported to be the 
most ethanol tolerant organisms known, with an ability to grow in over 20% ethanol (20, 29). 
To our knowledge, however, a survey on ethanol tolerance by lactobacilli has not been 
reported. 
In this study, thirty-one strains of heterofermentative and homofermentative lactobacilli 
were screened for their ability to ferment a wide range of biomass sugars and to tolerate high 
concentrations of ethanol. Hence, this study focused on the ability of these strains to use 
glucose, xylose, cellobiose, lactose and starch as carbon sources. In addition, the ability of 
these strains to grow on each substrate with the additional stress of up to 16% (vol/vol) ethanol 
was reported. 
Materials and Methods 
The strains of Lactobacillus used in this study included: L. amylophilus NRRL5 B-
4437; L. amylovorus NRRL B-4538, B-4540, B-4542, B-4549; L. brevis NRRL B-1127, IF06 
3960, 12005, 12520, 13109, 13110, 27305; L. casei UNL7 685, 686, IFO 3831, 3953, 12004; 
L. coniUsus NRRL B-1064, ATCC8 27646; L. delbrueckii NRRL B-1042; L. krmentum IFO 
3956, 3959; L. hilgardii A TCC 8290; L. sake IFO 3541; L. pentosus A TCC 8041; L. 
plantarum NRRL B-1195, IFO 3074, 12006, 12011; and L. sp. IFO 3954. All strains were 
grown in MRS broth (Difco Laboratories, Detroit, MI), at 37° C, except for Lactobacillus 
hilgardii 8290, Lactobacillus brevis B-1127, and Lactobacillus coniUsus B-1064, which were 
grown at 260C. For growth studies, cells were grown in MRS (8) medium containing 2% 
5 National Regional Research Laboratory, Peoria, IL 6 Institute for Fermentation, Osaka, 
Japan7 University of ebraska--Lincoln, Department of Food Science and Technology 8 
American Type Culture Collection, Rockville, MD 
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glucose, xylose, lactose, cellobiose, or liquefied starch. Liquefied starch was prepared by the 
method of Cheng et al. using potato starch (Sigma Chemical Co., St. Louis, MO) (7). The 
concentration of starch in solution was determined by the phenol-sulfuric acid method (10) 
using glucose as a standard. The starch solution was diluted to 4% with sterile distilled water 
and used as a stock solution. 
Carbohydrate Fennentation. Growth studies were performed on MRS medium 
containing xylose, lactose, glucose, cellobiose, and liquified starch. All carbohydrate 
solutions were sterilized separately. Each strain was inoculated at a 5% inoculation level and 
incubated at the optimal growth temperature. Cell growth was measured after 24 and 48 hours 
by optical density (OD) measurement (DU-64, Beckman Instruments, Inc., Fullerton, CA) of 
appropriately diluted samples at 625 nm. Strains exhibiting the ability to utilize one or more 
of the tested carbohydrates (gauged by an observed OD 2.1. 0 after 48 hours,) were progressed 
to the next stage of the study in the respective carbohydrate medium. 
Ethanol tolerance. Those strains which demonstrated sufficient growth in one or more 
of the tested carbohydrates were transferred twice, i.e. two successive transfers with overnight 
incubation, into MRS containing the respective carbohydrate, prior to inoculating into like 
media containing 4, 5, 6, 7, and 8% (vol/vol) ethanol. Strains inoculated into the ethanol-
containing media were incubated at 350C, except for L. hilgardii 8290, · L. 'brevis B-1127, and 
L. con./Usus B-1064, which were incubated at 240C. Strains preferred suboptimal growth 
temperatures in the presence of ethanol and were grown at 2oc below the optimum 
temperature. OD readings were recorded at 24 and 48 hours. Those strains which developed 
an OD above 1. 0 after 48 hours in 8% ethanol were then propagated in MRS media containing 
the appropriate carbohydrate and 6% ethanol for three days (daily transfers) and then 
inoculated into like media prepared with 8, 10, 12, 14, and 16% ethanol. As before, OD 
readings were recorded at 24 and 48 hours. 
Product analysis. Each strain which achieved an 002.1 in the higher percent ethanol 
studies was subjected to a series of analyses designed to quantify the concentrations of lactic 
acid, acetic acid and ethanol produced during fermentation of each tested carbohydrate. Each 
strain was initially inoculated into MRS, followed by two daily transfers (overnight 
incubations) into MRS, without sodium acetate, containing the carbohydrate to be tested 
(cellobiose, lactose, glucose, xylose or starch). Cells were removed by centrifugation (Fisher 
Scientific Centrific Centrifuge, 12,000 x g, 15 min. ) and the supernatant collected. 
Acetic acid and ethanol concentrations were determined by gas-liquid chromatography 
(Hewlet Packard, HP 5890 series II) using an 80/100 Chromosorb 101 1.8 m x 2 mm ID 
packed glass column (Supelco, Belle.fonte, PA.) Samples were diluted 1: 1 with 100 mM 
isobutyric acid (internal standard) and 2 1-'1 of this solution were then injected (column temp. 
1550 C for 15 min., flow rate: 25-30 mllmin, He, detector: FID). 
Lactic acid production was determined withaL-lactic acid and D-lactic acid enzymatic 
assay kit (Boehringer Mannheim, Indianapolis, IN). In addition, uninoculated MRS was tested 
for the presence of lactic acid, and this base amount was subtracted from each sample. 
--~-~~ -~~--~ ------
RESULTS AND DISCUSSION 
Substrates 
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The five different carbohydrates were chosen based on their potential as a low-valued 
feedstock for ethanol productiaa. Tlre grow-..Jr of ecl\..<tr 1.1fg'41mmT 01r ed.\..1T l-ndl.lJullyul<n'e' w~ 
examined as an initial screening for those strains which may have potential in improving the 
economics of ethanol production. 
Twenty-three of the strains were able to grow on liquefied starch. Lactobacillus 
amylovorus and Lactobacillus amylophilus are the only known Lactobacillus that are able to 
grow on unliquefied starch (21, 22). The composition of the liquefied starch was maltose, 
maltotriose, and higher oligosaccharides as determined by HPLC (data not shown), with 
virtually no glucose present. It was not unexpected to see growth by many of the strains on 
liquefied starch, since most of the strains are able to metabolize maltose (19). 
Fifteen of the 31 strains were able to ferment lactose, a sugar not used by the ethanol 
producer, Saccharomyces cerevisiae and Z mobilis. Their ethanol tolerance and lactose 
metabolism makes them prime candidates for geneticly engineering them to produce ethanol. 
Twenty-one strains were able to ferment cellobiose, a disaccharide derived from cellulose. 
Three enzymes are necessary to hydrolyze cellulose to glucose, endocellulase, 
cellobiohydrolase, and 13-glucosidase. The first ~o enzymes, cellobiohydrolase and 
endoglucanase are inhibited by the accumulation of cellobiose and the commonly used 
cellulolytic enzyme systems are deficient in 13-glucosidase (25,26,30). Direct conversion of 
cellobiose to ethanol would eliminate the need for supplementation of 13-glucosidase and reduce 
production costs. 
Twenty-five of t~e 31 strains investigated were able to ferment xylose. Xylose, which 
is derived from xylan, an abundant plant polysaccharide, is converted to ethanol by Pichia 
stipitis, Candida shehatae, and Pachysolen tannophillus. Unfortunately, each of these 
organisms are intolerant to ethanol above 2 to 3% (23). Increased ethanol tolerance of xylose-
fermenting organisms would have a significant impact on the process economics of a biomass-
to-ethanol facility. 
Ethanol Tolerance 
Thirty-one strains of lilctobacillus were evaluated for their ability to·utilize five 
different carbohydrates in the presence of ethanol from 0-16% v/v. The effect ofethanol on 
growth varied depending on the strain and the carbon source. In general, the majority of the 
strains were inhibited only slightly by 4% ethanol, demonstrating significant tolerance by the 
genus Lactobacillus as a whole. The graduation from 4% to 8% ethanol exposed a wide range 
of threshold levels. Relative ethanol tolerance was determined as a method of comparing 
ethanol tolerance between substrates. This was calculated by comparing the OD at 8% ethanol 
with the OD at 0% ethanol, thus: 
%OD = OD at 8% EtOH(Substrate) x lOO% 
Rei OD at 0% EtOH(Substrate) 
The data suggested that ethanol tolerance was both strain and substrate dependent, with 
the relative ethanol tolerance significantly reduced with xylose as the carbon source. Twenty-
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two of the strains grew well on xylose and glucose (at 0% ethanol, OD > 2.5). At 8% 
ethanol 20 of the 22 strains had a higher relative ethanol tolerance on glucose than xylose. 
The 20 strains on xylose at 8% ethanol had an average %0DRel of 13% _±_ 12%(s.d.) while 
the average for glucose was 58% + 22%. The exceptions were L. brevis NRRL B-1127 and 
L. fermentum IFO 3959, which were 53 and 54%. 
The utilization of the other substrates, lactose, cellobiose, and starch were not as 
sensitive to ethanol as compared to the utilization on xylose. The two exceptions were L. casei 
UNL 686 and L. plantarum NRRL-1195, which did not grow well in 8 % EtOH on lactose 
(%0DRel of 7% and 16% respectively), but grew well on glucose, starch, and cellobiose in 
8% EtOH (all > 50%). 
Those strains which utilized xylose, lactose, cellobiose and/or starch at the 8% level 
(gauged arbitrarily by an observed OD over 1.0 after 48 hours,) were progressed to the higher 
ethanol levels in the respective carbohydrate medium. A total of 28 strains; 25 on glucose, 4 
on xylose, 15 on lactose, 16 on liquefied starch, and 21 on cellobiose were tested at the higher 
ethanol concentrations. All species previously listed were represented, except for L. 
amylophilus. which was observed to grow in glucose and starch, but only in very low ethanol 
concentrations. 
All the strains tested grew in the presence of 10% ethanol. At 12 % ethanol 21 strains 
were capable of achieving an OD of 0.39 or greater (the initial OD from the 5% inoculum was 
0.1 to 0.2). It was impressive to note that at least some growth (OD z_ 0.39) was observed 
for 8 strains in media containing 16% ethanol. These included L. brevis 12005, 12520, 
13110, 27305, L. casei 12004, L. conJUsus 27646, L. plantarum 12006 and 12011 when 
grown on glucose, and L. brevis 12005 and 27305 when grown on liquified starch. 
Ethanol tolerance is typically associated with a change in the fatty acid content of the 
cell membrane resulting in a change in the fluidity of the membrane (9). Uchida and Mogi 
studied the cellular fatty acid profile of ethanol tolerant lactobacilli isolated from sake and 
found that the alcoholphillic bacterium L. heterohiochii produced unusually long chain (C2o-
C3Q) fatty acids (29). Others have found in L. homohiochii (27), L. heterohiochii (28), E. coli 
(15, 18), and S. cerevisiae (2) that an ethanol induced change will occur in the fatty acid profile 
from saturated to mono-unsaturated fatty acids. Buttke and Ingram determined that ethanol 
affected the composition of fatty acids in E. coli at ·the level of biosynthesis by altering the type 
of fatty acids that were synthesized and assembled into phospholipids (4). Buttke and Ingram 
used mutants that lacked enzymes necessary for fatty acid synthesis to identify {3-ketoacyl ACP 
synthetase II enzyme as the most likely enzyme affected by the presence of ethanol (5). 
The fact that ethanol tolerance is substrate dependent, especially in the case of xylose, 
suggests that ethanol inhibits certain enzymes involved in metabolism. It is certainly possible 
that ethanol may be affecting specific membrane-bound proteins that are responsible for 
carbohydrate transport, although other alcohols, such as butanol, appear to have a more 
general chaotropic effect ( 14). At this time there is no clear understanding why xylose 
metabolism is so adversely effected by ethanol. 
Metabolism 
Lactobacilli, as a species, can be either homofermentative, producing only lactate from 
glucose via the Embden-Meyerhof-Parnas pathway, or heterofermentative, producing lactate, 
ethanol, acetate, and C02 via the pentose phosphate pathway. Pentoses are metabolized 
--~ ------------
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heterofermentatively, and acetate production is energetically favored over ethanol, since 
conversion to lactate and acetate results in net 2 ATP/xylose vs 1 ATP/xylose for lactate and 
ethanol (12, 13). 
The objective of this work was to screen Lactobacillus sp. for the ability to ferment 
certain carbohydrates in the presence of high concentrations of ethanol and to select suitable 
candidates for molecular cloning of the PET genes from Z mobilis into Lactobacillus. For 
pyruvate decarboxylase (PDC) and aldehyde dehydrogenase (ADH) to produce ethanol there 
must be a pool of pyruvate, and PDC will have to out-compete lactate dehydrogenase (LDH), 
which converts pyruvate to lactate. The Kms of LDH on pyruvate from lactobacilli varies 
from 0.37 to 10 mM (11), while the Km of PDC from Z mobilis is 0.4 mM (3), indicating 
that PDC has the potential to out-compete LDH for pyruvate. 
Each of the strains that grew well in ethanol were analyzed for endproducts in their 
respective carbohydrate at 0% ethanol. Molar ratios of the end products (lactic 
acid:ethanol:acetic acid) were compared for each strain, with values standardized to 1 mole of 
lactic acid. Also determined was a ratio of the metabolites that are or can be converted to 
ethanol to the total amount of metabolites produced from a given substrate (lactic acid 
+ethanol)/(lactic acid +ethanol +acetic acid). This ratio is an indication of the maximum 
potential of the host to convert a substrate to ethanol. For example, when grown on starch, L. 
amylovorus B-4549, a homofermentative strain, exhibited the ratio (lactic acid: ethanol: acetic 
acid): 1.0: 0.27: 0.03, with 98% potential ethanol, while L sake 3541, a heterofermentative 
strain, exhibited the ratio: 1.0: 0.55: 0.34, with only 82% potential ethanol. The preferred 
host for the PET genes would be homofermentative, but another acceptable host could be 
heterofermentative as long as the final products of fermentation are lactic acid and ethanol. 
The media that was used to grow the strains for product analysis was devoid of acetate, 
since this interfered with sample analysis. Though the extent of growth was not the same as 
with acetate because of the lost buffering capacity, the product ratio is indicative of the strain's 
metabolism. The criteria for a good host is defined as 90% conversion of the substrate to 
lactic acid and/or ethanol. There were a total of 21 strains that met this criteria; 14 of those 
strains met the criteria on glucose, 4 on cellobiose (L. amylovorus B-4549, B-4540, B-4542, 
B-4538), 3 on lactose (L brews IFO sp. 13110, L. plantarum IFO sp. 12011, and L confUsus 
ATCC 27646), and 4 on starch (L amylovorus B-4549, B-4540, B-4542, and B-4538). There 
were only 7 strains that met the criteria and were able to metabolize a substrate other than 
glucose. There were no strains that met the criteria for xylose. 
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APPLICATION OF KALMAN FILTER AND ADAPTIVE 
CONTROL IN SOLID SUBSTRATE FERMENTATION 
John Sargantanis and M.N .Karim 
Abstract 
Department of Agricultural and Chemical Engineering 
Colorado State University 
Fort Collins, CO, 80523 
The control of temperature and moisture is critical to the performance of SSF. First a single-
input single-output adaptive control scheme was simulated for the control of temperature using 
the ratio of dry to wet air in a constant total flow rate as the manipulated variable. Different 
parameter estimation schemes and controller designs were tested for constant set point or ramp 
set point control. The control of temperature was quite successful in both cases. The Bayesian 
estimation approach and the minimum variance and minimum effort controllers proved to be the 
most appropriate under the simulated noisy environment. 
An extended Kalman filter was used to estimate fermentation states such as biomass content, dry 
mass, and indirectly, moisture content using easily available measurements, like the C02 evolution 
rate and the total weight of the wet matter. The estimation of the states was better using an 
iterative Kalman filter. The estimation of moisture content proved to be biased but was better 
than the indirect method of estimation based on the evaporative exchange balance with the inlet 
air. 
Finally, a multivariable adaptive control structure that uses both temperature and moisture 
content as controlled variables and the dry fwet air flow rate ratio and the water replenishment rate 
as manipulated variables is proposed. In this scheme a Kalman filter acts to provide estimates of 
the states to the adaptive control algorithm. 
----------
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Adaptive control of temperature 
Introduction 
The temperature in a solid substrate fermentation can be controlled by means of water evapora-
tion by forcing partially saturated air through the substrate. The experimental set-up is described 
in [6). The manipulated variable is the relative humidity of the inlet air. The air flow can be split 
in two portions, one of which can be kept totally dry by passing through a drying column~ while 
the other can be saturated by passing through humidifying columns. The relative amount of the 
two streams can be adjusted by manipulating the air flow rate of the dry portion while the total 
air flow rate is kept constant. The wet air flow rate is kept constant at 8 1/min at 370C and 676.2 
mmHg, but both the total dry flow rate and the dry portion flow rate are varying according to the 
determined control signal. The determination of the control is done by a SISO adaptive control 
scheme. First a linear AutoRegressive model with eXogeneous inputs (ARX) is applied which re-
lates the temperature of the substrate at a time step k to the previous n values of the temperature 
and the previous m values of the manipulated variable. Lets define the ( n + m) vectors 
4>(k) = [x(k- 1), ... , x(k- n), u(k- 1), ... , u(k- m)]T 
where x and u are the controlled variable (temperature of the fermented matter, OC ) and the 
manipulated variable (dry portion air flow rate, 1/min ) respectively, and 
6(k) = (8t(k), ... , 8n+m(k)]T 
Then the estimated value of the temperature at time step k is 
x(k) = 6(k{ 4>(k) 
where 6 is the estimated parameter vector. The parameters of the linear model 6 can be esti-
mated by various methods. The ones used in this study were recursive least squares method with 
exponential forgetting factor to account for the dynamics of the process (batch operation) and the 
Bayesian approach for stochastic time-varying systems. The recursive least squares algorithm is 
K(k) = P(k- 1)</>(k) (..\1 + 4>(kfP(k- 1)</>(k))-1 
6(k) = 6(k- 1) + K(k) (x(k)- 6(k- 1{ 4>(k)) 
P(k) = (I- K(k)6(k- 1{) P(k- 1)/ ..\ 
(1) 
(2) 
(3) 
where P( k) is the error covarience matrix ( ( n + m) X ( n + m) ), K( k) is the gain matrix ( ( n + m) x 1) 
and..\ is the exponential forgetting factor. To start the algorithm max(n, m) time steps should be 
allowed to form the initial 4> vector and both P matrix and 6 vector should be initialized [1]. 
The Bayesian estimator considers the parameters to have a stochastic nature with mean 8(0) 
and covarience matrix Po initially. Allowing the true value of the vector 6 to vary with time we 
have the following description of the system [4]: 
6(k + 1) = 6(k) + w(k) 
x(k) = 6(k)T 4>(k) + e(t) (4) 
where w( k) is a sequence of independent Gaussian random vectors with zero mean and covarience 
matrix Rt(k), and the estimation error e(t) is Gaussian with zero mean and covarience R2(k) and 
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independent of w( k ). The estimation algorithm is 
L(k) 
O(k) 
P(k) 
P(k- 1)</>(k) 
R2(k) + </>(kfP(k- 1)</>(k) 
= O(k- 1) + L(k) (x(k)- O(k- 1{ </>(k)) 
= P(k _ 1) R (k) _ P(k- 1)</>(k)ck(kfP(k- 1) 
+ 1 R2(k) + </>(kfP(k- 1)</>(k) 
(5) 
(6) 
(7) 
0( k) is the conditional expectation of 9( k) given the observations ( =E( Ojxk, uk), where the 
superscript k refers to the data record up to time step k). The Bayesian approach works better in 
noisy environments where the output can be considered as a random variable. The effect of varying 
dynamics is provided by the R 1 matrix. The compromise between alertness and noise sensitivity 
can be reached by proper adjustment of the covariences Rt and R2. 
Controller calculation 
The design of the controller action for each time step comes after the identification. The 
controllers discussed in this chapter fall in the so called direct approach. The controller calculation 
depends on the order of the ARX model, the loss function to be minimized and the assumptions 
made for the magnitude of successive control signals. 
{1) One-step ahead controller 
First the model is extended to the next time step ( k + 1) and the value of the output at the 
( k + 1 )th time step is set equal to the desired set point. 
x(k + 1) = O(k{ </>(k + 1) 
The above equation is solved for the manipulated variable at time step k, u(k) to yield 
u(k) = A 1 (xset(k+ 1)- [ot(k), ... ,On(k),Bn+2(k), ... ,On+m(k)] * 
8n+I(k) 
[x(k), ... , x(k- n + 1), u(k- 1), ... , u(k- m + 1)f) 
(2) Minimum variance controller 
(8) 
The controller is determined by minimizing a loss function J(k + 1) which contains the squares 
of the predicted errors of the controlled variable in a number of future N time steps and a weighted 
sum of squares of the future N control variables. 
k+N 
J(k + 1) = L { (Xset(i)- x(i))2 + fu(i- 1)2 } 
i=k+l 
where f works as a detuning factor to minimize the controller effort while following the set point. 
This controller reduces to an one-step ahead controller when f = 0. When N > 1 then 
extrapolation of the prediction for the time steps (k + 2), ... , (k + N) is made, using the estimated 
parameters 6 at the time step k. The predicted values are inserted in the loss function and the 
latter is minimized with respect to the future inputs u(k), ... , u(k + N- 1). 
Another approach is to set restrictions to the future control inputs. One possibility is to assume 
that the control signal will remain constant i.e. that 
u( k) = u( k + 1) = · · · = u( k + N - 1) 
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( 3) Two-step ahead controller 
The two-step ahead controller is determined by extrapolating the prediction of the output from 
the estimated parameters of the k time step to the (k + 2) th discrete time step. Then we impose 
the restriction that u(k) = u(k + 1), set x(k + 2) = X 6 et(k + 2) and solve the resulting equation for 
the control input u( k ). The resulting equation for the controller when n = m = 2 is 
{4) Minimum effort controller 
This controller is an adaptive predictive controller. The purpose ofthe controller is to minimize 
the control effort over the prediction horizon N i.e. to minimize Ef~f-1 u(k)2 , and at the same 
time bring the future output x(k + N) to X 6 et(k + N). The future control inputs are determined 
by using Langrange multiplier method. Only the input u( k) is implemented. For n = m = 2 and 
N = 2 the resulting equation for the· controller is 
A 2 A A A A A 
u(k) = (x&et(k + 2)- (Ot(k) + 82(k)) x(k)- 81(~)82~k) x(k- 1)- 84(k)Ot(k) u(k- 1)) c2 ( 10) 
c~ + 83(k) 
Results and discussion 
The implementation of the adaptive control scheme for the control of temperature in SSF is 
done using simulation. The model describing the process (6) is integrated using a Runge-Kutta 
fourth order method. The sequence of steps for the adaptive control simulation (done by using a 
FORTRAN program and run in a DECstation 3100) is the following: 
1. Initial values of the states of the model are given, the covariance matrix P and the parameter 
vector 8 are initialized (B(O) = 8o = (0.9, 0.1, -0.15, -0.1f for the second order model, 
(0.9, -0.15f for the first order model, while P(O) = Po = 10 · 1). Also, hA = 8.451 Kcal/hOC 
(overall heat transfer coefficient) and bot= 0.01 h (sampling interval). 
2. Identification of the parameters is performed for 2 h. Normalized inputs and outputs are 
used i.e. (xnorm = (x- Xmean)fxmax)· In this time period the inputs are random white noise 
around a mean equal to Xmean with a noise bound of ±20% of the mean. Also the output 
temperature is corrupted with white noise of ±0.15CC bounds. 
3. After the identification period the loop is closed. In each step an integration is performed 
to get the output, noise is superimposed to get the noisy measurements, the identification 
algorithm is invoked to calculate the parameters and the controller uses these parameters to 
determine the next control input. In the next time step the same procedure is followed, using 
the previous values of the inputs and the outputs. 
In all simulation runs the moisture content was controlled indirectly by making a balance of 
the water that is lost by evaporation via the air stream, and a total wet mass balance using only 
initial states information, inlet air humidity calculations and carbon dioxide evolution rate data. 
By including the total wet balance the moisture content estimation is improved 
Regarding the adaptive control of the temperature the following effects were studied: (1) order of 
the ARX model, (2) noise bounds of the output, (3) method of identification used, ( 4) normalization 
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of the variables, (5) constant set point or ramp set point change. For the recursive least squares 
estimation the forgetting factor A is set to 0.995. For the Bayesian approach R 1 = 0.1 · I and 
R2 is set to 0.01. Figure 1 shows the temperature of the SSF, the temperature estimated by a 
second order ARX model using the Bayesian approach and the projected temperature of the next 
time interval, implementing a minimum variance controller to control the temperature around a 
constant set point of 37~. In Figure 2 the temperature is controlled around a ramp shape set point 
(37~ until-t = 5 h and 39~ after 25 h) using the same identification and controller settings. In 
Figure 3 the controller action for the ramp set point control of Figure 2 is shown and in Figure 4 
the parameter values for a second order ARX model tracking a ramp set point change are shown. 
The basic observations of the study are: 
• The estimation of the output temperature by the linear model is successful. The estimation 
error is very small, but the projected temperature estimation for the next step is not as 
good because of the noise corruption of the output. The parameters stay stable during the 
estimation. However, the parameters related with the previous inputs tend to have very small 
values, while the parameter related with temperature in a first order model tends to unity. 
• The controller variation is high (Figure 3) due to the noisy environment. The dry air portion 
flow rate can not fall to negative values, nor can it exceed the constant total wet air flow 
rate. The controller variation is less with the two-step ahead controller and even less with 
the minimum variance controller controller and the minimum effort controller. 
• The controlled temperature follows the set point quite well in both modes of set point changes 
(Figures 1 and 2). The overshoot in temperature at constant set point is due to the fact that 
the controller hits the upper bound. On the ramp set point change the incubator and inlet 
air temperatures are set to 39~ after 25 h to effect better tracking of the set point. 
• The Bayesian approach in parameter estimation works better than the recursive least squares 
estimation because of the magnitude of the noise in relation to the dynamic changes of the 
output. The order of the ARX model does not seem to affect significantly the adaptive control 
performance. 
• The normalization of the output around 37~ increases the ratio of the noise to the signal, 
but the normalization of the control input helps to reduce the variability and the off-bounds 
hitting of the control. Due to the changing dynamics the results obtained for ramp set point 
change are dependent on the time of initiation and on the ramp steepness. 
Kalman filter 
The purpose of the Kalman filter is, by using easily available measurements, to estimate states 
of the system which are difficult to be measured experimentally and to reduce the noise corruption 
of the measurements. Accurate estimate of the SSF states, as cell content, dry weight and moisture 
content is essential in order to optimize the process [5]. Furthermore, control of the moisture content 
at desired levels is critical for the performance of the SSF. Available experimental measurements 
for the particular system are (1) carbon dioxide evolution rate and (2) total wet weight. Based on 
mass and energy balances and a logistic model .for the cell growth, the variation of the states Xt 
(cell content) and x2 (dry matter weight) can be simulated. Also the two observer equations for 
the measurements z1 and z2 can be formulated as functions of the states and the control inputs 
(dry air portion flow rate and on-off water replenishment rate). The moisture content, can be 
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indirectly estimated from the combination of the filtered measurement z2 and the estimated dry 
matter weight x2. 
Theory - Formulation 
The discrete time extented Kalman filter is a minimum variance estimator which minimizes the 
variance between the states estimated by a continuous nonlinear model and the states estimated 
from the discrete-time nonlinear equations of the observer vector. The model can be written in the 
following form [3] 
x(t) = f(x(t),u(t))+w(t) 
z(tk) = g(x(tk))+v(t) (11) 
where x(t) = [x1(t), x2(t)f is the 2 X 1 state vector, f( x(t), u(t)) = [h, hf is the 2 X 1 state 
function vector, z(tk) = [z17 z2]T is the 2 x 1 observation vector at discrete time tk, g( x(tk)) = 
[91792]T is the 2 x 1 observer equation vector, w(t) is the state model error vector (2 x 1) and v(t) 
is the measurement noise vector (2 X 1 ). 
The assumptions of the filter are: (i) w(t) and v(t) are white noise processes uncorrelated with 
the initial states x(O) and with each other. Their covarience matrices are Q and R respectively. (ii) 
The initial states distribution is Gaussian with mean .l:o and covarience matrix P 0 • The elements 
of the f( x( t), u( t) ) and z( tk) vectors are: 
(12) 
h = (13) 
91 = (14) 
(15) 
where wet0 is the initial wet weight of the fermented matter and water is the flow rate of the on-off 
water replenishment. The Kalman filter algorithm follows the following steps: 
(i) Initialization : P(O) = P 0 , x(O) = jt0 , (ii) Prediction : 
x(klk-1) = x(k-1lk-1)+ rk f(x(k-1lk-1),u(k-1))dt (16) lk-1 
P(klk- 1) = P(k- 1lk- 1) + fk {A(x(k- 1lk- 1)) P(k- 1lk- 1) + lk-1 
P(k- 1lk- 1) AT(x(k- 1lk- 1)) + Q(k)}dt (17) 
The integrations can be performed using a simple Euler method. For higher accuracy we used a 
second order Runge-Kutta for the state estimation. (iii) Correction : 
G(k)1 = P(klk- 1) HT(x1(klk)) * 
----~~------ ----
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[ H(x1(kjk)) P(kjk- 1) HT(x1(klk)) + R(k) r 1 (18) 
x1+1(klk) = x(klk- 1) + G(ki {z(k)- g(x1(klk)) + H(x1(klk)) (x1(klk)- x(klk- 1)) }19) 
P(klk) = [1-G(k)H(x(kjk))]P(kjk-1) (20) 
where P(klk) is the a posteriori estimation error covariance matrix 2 X 2 at discrete time step 
k, G(k) is the Kalman gain matrix at time step k, A(x()) is the Jacobian matrix of the state 
equations and H(x()) is the Jacobian matrix of the observer equations (both 2 x 2). 
The correction includes an iterative procedure [2] which starts with x1(kjk) = x(klk- 1) and 
proceeds until lx1+1(klk)- x1(klk) I ::; €, where f: is a vector of small numbers. At convergence 
the covarience matrix P(k- 1jk- 1) is corrected according to equation (20) using the converged 
Kalman gain matrix G(k). At this time interval the filtered measurement vector is given by: 
z(k) = g( x(klk)) (21) 
The noniterative filter is just a special case of the above algorithm, in which the equations (18) and 
(19) are applied just once and they are not allowed to converge. 
After the measurement vector is filtered an indirect estimate of the moisture content is obtained 
through the expression z2(k) = (1 + x3(klk)) x2(klk), which can be solved for x3(klk) : 
z2(k) 
x3(kjk) = x2(klk) - 1 (22) 
The dry biomass weight xs(klk) can be calculated by multiplying the estimates x1(kik) and x2(kik). 
Results and discussion 
The simulation of the extended Kalman filter was performed off-line using a FORTRAN code. 
The inputs for the Kalman filter simulation were the results from the adaptive control simulation. 
After the integration part of the adaptive control simulation white noise was superimposed at both 
measurements. The noise bounds were ±0.1 g/h for z1 and ±0.5 g for z2 • Other inputs include 
the control signals u and water, the temperature Tinlet of the inlet air, the outlet temperature 
Toutlet = ( x4 ) and the wet air flow rate, all corrupted with small amounts of white noise. 
The nondiagonal elements of the matrices P, Q and R assume the following values: P(1, 1) = 
0.001, P(2, 2) = 0.001, Q(1, 1) = 0.01, Q(2, 2) = 0.001, R(1, 1) = 0.1 and R(2, 2) = 0.05. Small 
values of the elements of P indicate that the initial values of the states are accurate. Small values 
of Q imply accurate modeling, and small values of R indicate low measurement noise. The choice 
of the elements of these matrices on initialization is rather empirical and involves trial procedure. 
The choice of small P and Q causes reduction of the magnitude of the Kalman gain, but the choise 
of small R has the inverse effect. Finally the time step was 0.1 h and the values of XM and J.lM 
were 0.48 g/g and 0.20 h-1 respectively. These values were used as constants to check the Kalman 
filter efficiency against ill-estimated parameters of the growth model. 
Figure 5 shows the comparison of the iterative (150 iterations allowed) and noniterative filter 
in the estimation of cell content x1 . The filter estimates are compared with the state values from 
the adaptive control simulation. Figures 6, 7 and 8 show the same comparison of the filter with the 
process model for the variables x2, x5 and x3 respectively. Figures 9 and 10 show the comparison 
of the filtered measurements z1 and z2 respectively with the noisy measurements for the iterative 
and noniterative filters. The basic observations on the performance of the Kalman filter are: 
• The closer the assumed values of XM and J.lM are to the actually prevailing ones, the more 
accurate is the filter prediction to the actual states. In this case the gain is very small and 
the correction step of the algorithm changes the integration predictions only slightly. 
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• The iterative filter, although in the most cases doesn't converge, is better than the noniterative 
filter because the iterations tend to reduce the estimation error and keep the Kalman gain 
low in values. 
• The estimation of x2 is not very good and is prone to instabilities especially in the noniterative 
filter. The estimation of x5 is better. The prediction of the moisture content x3 and the 
filtering of the wet weight measurement z2 are somewhat biased. This maybe is due to the 
noise superposition. 
• The effect of the initial choice of the covarience matrices is difficult to be described. To 
improve the performance of the filter however, the qualitative impact of different choices as 
discussed previously can be utilized. 
The conclusion is that the application of Kalman filter can yield good results in estimating . 
states in SSF. Most important is the fact that an estimate of the moisture content can be obtained 
and thus an attempt to control this state for the optimization of SSF can follow. 
Proposed work 
The adaptive control scheme and the Kalman filter estimates of the states can be used in 
conjunction in order to control the fermentation temperature and moisture content and estimate 
the nonmeasurable states. The proposed scheme (Figure 11) will use three parts: ( 1) the pro-
cess simulation described by the non-linear model, (2) a multivariable adaptive control structure, 
which would have as inputs the temperature (corrupted by noise) and the indirect Kalman filter 
estimate of the moisture content. An identification multivariable linear ARX model would relate 
the current inputs with the previous inputs and manipulated variables. Then a control law would 
be implemented and the manipulated variables, namely the flow rate of the dry air portion and the 
replenishment water flow rate would be calculated for the next time step. (3) an extended Kalman 
filter, which would take current measurements of C02 evolution rate and total wet matter weight, 
along with the current values of the manipulated variables, and would give estimates of the dry 
matter, biomass content and moisture content. This structure has the objective to simulate real 
conditions of an on-line estimation and determine whether it is feasible to implement both multi-
variable adaptive control and Kalman filter estimation on-line. In such a case the performance of 
the SSF system is expected to improve considerably. 
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ABSTRACT 
A pervaporation apparatus was designed and tested in an effort to develop an integrated 
fermentation and product recovery process for the acetone-butanol-ethanol (ABE) fermentation. 
A cross-flow membrane module able to accommodate flat sheet hydrophobic membranes was 
used for the experiments. Permeate vapors were collected under vacuum (100 mmHg) and 
condensed in a dry ice/ethanol cold trap at -500C. The apparatus containing 
polytetrafluoroethylene (PTFE) membranes was tested using butanol-water and model solutions 
of ABE products. Parameters such as product concentration, component effect, temperature, and 
permeate side pressure were examined. Different membrane materials including 
polydimethylsiloxane (PDMS) and dimethylsilicone were also tested and compared with PTFE 
membranes. Overall flux of 0.975 L/m2h was obtained with a permeate side pressure of 100 
mmHg at 40°C with PTFE membranes. Selectivity for butanol was 9.5. ABE fermentation 
broths were ultrafiltered prior to pervaporation using different molecular weight cut -off 
membranes ranging from 1000 to 100,000 MWCO. The results were compared to pervaporation 
using whole cell broth. Results did not show a significant difference in pervaporat.lon 
performance between ultrafiltered broth and whole cell broth. 
INTRODUCTION 
Recent interest in developing alternative methods to derive fuel and other petrochemical 
products from sources other than imported oil has included improving fermentation-technologies. 
Abundant, renewable agricultural products such as com are beginning to be utilized for more 
than just feed-stuffs. Fermentations that produce ethanol, butanol, and acetone have the potential 
to help alleviate foreign oil dependence and to provide new economic opportunities for 
agricultural regions in the United States and developing countries ( 5, 7). 
The acetone-butanol-ethanol (ABE) fermentation using the bacteria species Clostridium 
acetobutylicum is not an unknown or unstudied process, however the principle products, acetone 
and butanol, are produced only in very small quantities and are toxic to the bacteria. Subsequent 
distillation of the desired products is expensive and, for the most part, uneconomical (1 ,2,4). 
Development of alternative recovery processes such as membrane separations applied to 
the ABE fermentation can reduce recovery costs. Economically viable ABE fermentations could 
become a source for new industry in areas of the world with large resources of biomass for 
-----~-~-------------------- -------------
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fermentations (2,6,7). The aim of the present work is to determine a method to optimize product 
recovery of acetone and butanol from the ABE fermentation by using a pervaporation process. 
Different membrane materials as well as operating parameters will be tested with model ABE 
solutions and batch fermentations. 
MATERIALS AND METHODS 
Pervaporation System: 
The pervaporation system designed for these experiments consisted of a cross-flow 
membrane module provided by Bio-Recovery Inc. (Hoboken, New Jersey). The module is able 
to accommodate two flat sheet membranes for a total membrane area of .02m2 • A positive 
displacement pump from PROCON Products (Murfreesboro, TN) recirculated the feed solutions. 
A shell/tube heat exchanger provided temperature control. Permeate vapor was drawn by a 
vacuum in 1/8 tubing which passed through a series of two dry ice/ethanol cold traps set in two 
Dewar flasks. Ashcroft (Strattford, CT) glycerol filled pressure gauges (30 in.Hg vacuum to 30 
psi) measured feed pressures and permeate side vacuum. 
Membranes: 
Three pore sizes (0.1, 0.2 and 0.45 p.m) of flat sheet Polytetrafluoroethylene (PTFE) were 
obtained from Bio-Recovery Inc .. Also, from Bio-Recovery Inc., an 800 molecular weight cut-
off hydrophobic polysulfone ultrafiltration membrane was tested. Non-porus 
polydimethylsiloxane (PDMS) membranes were obtained from Carbone of America (Parsippany, 
NJ). Dimethyl silicone membranes (25 and 50 micrometer thicknesses) from Membrane Products 
Company (Troy, New York) were also tested. 
ABE Solutions: 
Model ABE solutions consisted of reagent grade butanol, acetone, butyrate, acetate, and 
ethanol in the following respective (v/v %) ratios: 12.6:8.3:1.8:1.6:1 based on typical ABE 
fermentation product proportions. The solutions were pH adjusted to 5.3 with NaOH. 
Fermentation: 
Clostridium acetobutylicum ATCC 4259 was obtained from a spore suspension. 
Fermentations were done by inoculating 10 ml of 48 hour culture into 600 ml of 6% glucose 
media and heat shocked for 7 1/2 minutes in a 1 OOOC steam cabinet and incubated for 48-54 
hours in an anaerobic chamber. 
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Pervaporation and Ultrafiltration Processes: 
Membranes were first seated in the membrane module with distilled water, which was 
allowed to recirculate for 15 minutes. The distilled water was pumped out of the system before 
starting a run with the ABE solutions. A trial to determine a standard flux (LMH) was 
performed on newly seated membranes with a 1.25% butanol solutiol_l for half an hour. Standard 
operating parameters were as follows; flow : 3 L/min., permeate vacuum : 100 torr, 
temperature: 38°C. Hydrophobic, microporus PTFE membranes with a pore size of 0.2J.tm were 
used as the standard membrane material. A trial with the ABE solutions lasted for 2 hours. 
Permeate and retentate samples were taken every hour. Permeate collected in the cold traps was 
measured every hour also. After 3 trials the standard flux trial was repeated to determine if the 
membrane was passing water (wetting). Membrane performance was determined by calculation 
of selectivity: 
o:;i = Y/Y/Z/Zi 
Where i = solvent volume and j =total volume. Selectivity is the ratio of solvent in the 
permeate over the ratio of solvent in the retentate. 
UF membranes were seated in the same manner as pervaporation membranes. 
Fermentation broth was recirculated through the module at an inlet pressure of 30 psig and outlet 
pressure of 20 psig. Feed solution temperature was 18°C. Acetone and butanol were adjusted 
in the fermentation broth if needed to approximate butanol and acetone levels typical for the 
fermentation and to maintain consistent product concentration. 
Analytical Methods: 
Permeate and retentate sample concentrations were determined by gas chromatography. 
The chromatograph was a Hewlett Packard 5890 Series II with a Hewlett Packard 3396 A 
integrator. GC conditions and column preparation were based on conditions described by 
Soucaille et al. (11) with an oven temperature of 155°C and isobutyric acid as an internal 
standard. 
RESULTS AND DISCUSSION 
Effect of Flow Rate and Permeate Side Pressure 
Experiments were performed using recirculation rates ranging from 2 to 8 liters per 
minute and permeate side pressures of 250 & 100 mmHg vacuum. There were no measurable 
differences in flux and selectivity for the flow rates examined. Matsumura et al (7) reported 
similar findings in work done with butanol/isopropanol solutions in water. 
As shown in Table 1 for the model ABE solution, permeate side pressure higher than 100 
mmHg caused flux to drop dramatically. Butanol selectivity also dropped, but not as 
dramatically as the flux. Because the permeate side pressure provides the driving force for this 
process, a lower flux would be expected. 
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Effect of Concentration 
Table 2 shows the effect of various concentrations of the ABE solution on the flux and 
butanol selectivity. In a pervaporation process selectivity should be higher with lower butanol 
concentration because membrane swelling caused by higher concentrations allows other less 
preferred feed constituents, such as water, to enter the membrane (9). Flux should also be lower 
at lower concentrations however; Nakao et al. (8) showed that ethanol flux with PTFE 
membranes was independent of ethanol concentration. Both flux and selectivity were 
significantly higher than the butanol/water solutions. 
Butanol/water solutions showed a different response than the ABE solutions. Different 
concentrations of butanol in distilled water (Table 2) shows higher flux rates at higher 
concentrations, but lower selectivities. As concentration decreased, flux tended to decrease, but 
selectivity tended to increase. 
Effect of Temperature 
Temperatures examined were in a range that encompassed the ABE fermentation 
temperature. The range was from 30-58°C. Model ABE solutions showed a flux increase of over 
10 fold over the temperature range examined (Table 3). Butanol/water solutions showed an 
even greater increase (60 times) within the temperature range. Experiments for the ABE model 
solution were not performed at 35°C. The plot in Figure 1 shows an Arrhenius type relationship 
which describes the influence of temperature on a reaction rate constant (9, 1 0): 
JP = 10 exp(E/RT) 
Where JP is the permeation rate, Jo is the pre-exponential factor, EP is the apparent 
activation energy of permeation and R and T are the gas constant and temperature, respectively 
(9). 
Effect. of Individual Components 
In Table 4 the effects of individual fermentation product components, added at the same 
levels as in the ABE model systems, on butanol flux and selectivity are shown. For these series 
of experiments flux remained constant for each component tested with the butanol. The 
temperature used was 45°C, based on temperature and flux performances of earlier experiments. 
Acetone seemed to enhance membrane selectivity for butanol, increasing it by almost double 
over the next highest, ethanol, however the standard deviation was high. Ethanol may have 
more of an effect than shown because concentration was relative to fermentation production, 
which, in the case of ethanol, is very low. As was the case with acetone, the standard deviation 
for ethanol was also high so the effect may not have been significant. Butyric and acetic acid 
had a negative effect on selectivity. The effect may be due to a pH change, however the amount 
of these organic acids in the solution was well below 0.5% (v/v%). The acids could also 
change the characteristics of the membrane material thereby reducing butanol permeation. 
--------- --- -----
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Membrane Comparisons 
The 0.2p.m PTFE membranes were used for the basis of comparison for the other 
membrane materials. The reason 0.2 p.m PTFE were chosen was because they were the first 
membrane type obtained and tested, and gave adequate response for separating butanol and 
acetone from model solutions. Along with the 0.2 PTFE, two other pore sizes of PTFE 
microporous membranes were tested (Table 5). The 0.1 p.m PTFE was not able to prevent feed 
solutions from coming through the membrane when a vacuum was applied to the permeate side 
of the membrane. Thus, no flux or selectivity data was collected for this pore size. This was 
also the case for the hydrophobic 800 MWCO ultrafiltration membrane. 
Membrane comparisons show that 0.2 and 0.45 p.m PTFE membranes had comparable 
selectivities. The 0.1 p.m PTFE should not have wetted. When the thicknesses of the PTFE 
membranes were measured it was found that the .1 PTFE pore size was less thick (12 p.m) 
compared with the 0.2 and 0.45 pore sizes which had thicknesses of 40 and 25 p.m respectively. 
This may attributed to its inability to selectively permeate solvents. A thicker membrane should 
be more resistant to water permeation. Hickey and Slater (3) showed that water flux increases 
as membrane thickness decreases. Selectivity was shown to stay constant throughout the range 
of thicknesses examined (3). The hydrophobic UF membrane wetting may have occurred 
because it was not sufficiently hydrophobic. Nakao et al. (8) stated that hydrophobicity is a 
very important property of a microporous membrane. 
Table 5 also shows that dimethylsilicone exhibited a very low flux and almost no 
selectivity for butanol or acetone. At higher operating temperatures flux remained low, but 
selectivity improved somewhat. 
Polydimethylsiloxane (PDMS) showed somewhat better performance than the 
dimethylsilicone, having a higher selectivity for butanol. However, flux and selectivity were still 
not as high as shown for the 0.2 p.m PTFE. Other work with PDMS membranes has ·shown high 
selectivity for butanol of 78 at 41°C. Butanoi flux was 3.44 g/m2h (10). 
Fermentation Broth 
Table 6 shows the effect on flux and selectivity of the three different ultrafiltered 
fermentation broths. The 100,000 MWCO had the highest selectivity which was not expected. 
The 1000 MWCO should remove most of the fermentation material (e.g. proteins, peptides, 
polysaccharides) which would cause fouling or concentration polarization which are concerns 
with a pervaporation system (8). Therefore it was expected that the broth filtered through the 
1000 MWCO, membrane, would give the highest flux and selectivity. The 100,000 MWCO 
membrane would remove the least amount of fermentation material, subsequently inhibiting 
pervaporation membrane performance. 
The fact that ultrafiltration showed no effect on flux and selectivity between the 
different treatments indicates that a fermentation component or components that are permeating 
through the membrane are effecting the flux and selectivity of the membrane. While 
ultrafiltration did seem to reduce the variability over whole cell broth, it did not improve 
performance. The selectivities of the different treatments were found not to be significantly 
different, however they were much lower than for the model ABE solutions of the previous 
chapter. Upon determining the concentration of the acetic and butyric acids in the fermentation 
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broths, it was found that the acetic acid concentration in the fermentation broths was up to 2 
times as high as that for the model ABE solution (.16 vs .. 36 (v/v%) respectively. Butyric acid 
levels were low. 
CONCLUSIONS 
Feed flow rate does not seem to be factor with model systems, at least at the rates 
examined in this study. Flow rate may be important with fermentation broths because of potential 
fouling or polarization problems which have been reported in membrane systems combined with 
fermentations (8). 
Concentration did not affect flux or selectivity in the model ABE solutions. In the 
butanol/water solutions lower concentrations had higher selectivities. This would indicate that 
the presence of other fermentation products with butanol changes the flux and selectivity 
performance of the PTFE membranes. Nguyen (9) stated that a component that interacts strongly 
with the membrane polymer can allow components with less affinity to penetrate the membrane. 
Temperature had an obvious effect on the performance of the pervaporation system. 
Increasing temperature increased the flux by over 10 fold for model ABE solutions and 60 fold 
for the butanol/water solutions. The increase follows an Arrhenius type relationship. 
It would appear that acetone may enhance permeation of butanol through the PTFE 
membranes. Ethanol may also effect membrane selectivity for butanol; however, because it is 
produced in minute concentrations in the fermentation, it may not be a factor. Acetic and butyric 
acid appear to have a negative affect on selectivity, although it is not clear why. 
PTFE performed better than the dimethyl silicone and the PDMS in this system. Silicone 
and PDMS have both been used successfully to remove butanol from aqueous solutions (3). It 
is unclear as to why they did not perform better in this system. One reason may be permeate side 
pressures were not low enough in this system to provide an adequate driving force for solvent 
permeation with these materials. 
Conclusions from the experiments of the effects of ultrafiltration on fermentation broths 
showed that ultrafiltration does not improve butanol flux or selectivity. It would seem that 
ultrafiltration of fermentation broth should enhance pervaporation performance because many 
of the materials that may potentially foul the membrane are removed. Other researchers have 
noted possible fouling problems and concentration polarization with pervaporation systems 
coupled to fermentations (8, 10). Ultrafiltration of fermentation broth prior to pervaporation 
could reduce such problems. However, the affect of individual fermentation compOnents showed 
that the acids may reduce the selectivity of butanol. It was discovered that the fermentation 
broths contained higher than normal levels of acetic acid which may explain the lower 
selectivities. 
The mechanisms of the ABE fermentation process are just beginning to be understood by 
researchers ( 1 , 4). However, genetically engineered organisms with the ability to produce larger 
quantities of butanol and acetone do not appear to be feasibly obtainable in the near future (1 ,4). 
Thus, the use of alternative recovery processes such as pervaporation will be the means to 
reestablish economically viable ABE fermentations. 
85 
REFERENCES 
1. Awang, G.M., G.A. Jones, W.M. Inlgedew. 1988. The acetone-butanol-ethanol 
fermentation. CRC Crit. Rev. Microbiol. 15:S33-S67. 
2. Ennis, B.M., N.A. Gutierrez, and I.S. Maddox. 1986. The acetone-butanol-ethanol 
fermentation a current assessment. Process Biochem. 21:131-147. 
3. Hickey, P.J. and S. Slater. 1990. The selective recovery of alcohols from fermentation 
broths by pervaporation. Sep. Pur. Methods. 19:93-115. 
4. Jones, D.T., andD.R. Woods. 1986. Acetone-butanol fermentation revisited. Microbiol. 
Rev. 50:484-524. 
5. Leeper, S.A. 1986. Membrane separations in the production of alcohol fuels by 
fermentation. pp .161-200. In McGregor (Ed.), Membrane Separations in Biotechnology. 
Xoma Corporation, Berkeley, California. 
6. Maddox, I.S. 1989. The acetone-butanol-ethanol fermentation: Recent progress in 
technology. Biotech. Gen. Rev. 7:189-220. 
7. Matsumura, M., S. Takehara, and H. Kataoka. 1992. Continuous butanol/isopropanol 
fermentation in down-flow column reactor coupled with pervaporation using supported 
liquid membranes. Biotech. Bioeng. 39:148-156. 
8. Nakao, S., F. Saitoh, T. Asakura, K. Toda, and S.Kimura. 1987. Continuous ethanol 
extraction by pervaporation from a membrane bioreactor. J. Mem. Sci. 30:273-287. 
9. Nguyen, T.Q. 1986. The influence of operating parameters on the performance of 
pervaporation processes. Indust. Mem. Proceed. 82:1-11. 
10. Slater, C.S., P.J. Hickey, F.P. Juricic. 1990. Pervaporation of aqueous ethanol mixtures 
through poly(dimethyl siloxane) membranes. Sep.Sci. Tech. 25:1063-1077. 
11. Soucaille, P., G. Joliff, A. Izard, and G. Goma. 1987. Butanol tolerance and 
autobacteriocin production by Clostridium acetobutylicum. Current Micro. 14:295-299. 
86 
Table I. Effect of Permeate Side Pressure on Flux and llutanol Selectivity 
Permeate 
Temp.(0C) Solution Side Pressure (mmUg) f-lux (LMH) Selectivity 
38 Butanoi/H10 250 0.018 6.6 
38 100 0.170 8.5 
48 250 0.023 7.7 
48 100 0.810 12.5 
Table 2. Effect of Butanol Concentration on Flux and Butanol Selectivity 
Concentration f-lux (LMH) 
of Butanol (v/v%) Model ABE 
0.30 0.75 (0.05)' .. 
0.50 0.68 (0.11),. 
1.25 0.98 (0.16),. 
1.75 1.01 (0.06),4 
2.50 0.58 (0.13),. 
3.00 0.53 (0.04), 
'standard deviation 
""" averages with the same subscript 
were not signilicantly dillerent 
Butanol/1-110 
0.15 (0.02), 
0. 14 (0.07), 
0. 17 (0.08), 
0.48 (0.07). 
0.54 (0.02). 
0.49 (0.09). 
Selectivity 
Model ABE llutanol/11,0 
14.5 ( 1.78). 4.8 (0.96),. 
10.0 (1.32), 5.6 (0. 93),. 
9.5 ( 1.08), 8;5 (2.40). 
15.0 (0.25). 3.9 (0.35), 
12.4 (2.40),. 2.6 (0.20), 
14.8 (2.40). 2. 7 (0.82), 
Table 3. Effect oi· Temperature on f-lux and Butanol Selectivity 
rlux (LMII) Selectivity 
Temp.(0C) Model ARE Butanol/1-1,0 Model ABE · Butanol/1-1,0 
30 0.19 (0.01)' U.o:\5 (0.03) 7.2 (0.70), 5.6 (2.35),. 
35 ND' 0.053 (O.U I) ND 3.7 (0.78), 
40 0.98 (0.16) 0.170 (0.08) 9.5 (1.08), 8.5 (2.35) ... 
45 1.23 (0.15) 0.680 (0.08) 8.1 (1.48), 12.9 (3.10), 
50 1.79 (0.09) 0.805 (0.16) 13.7 (1.67). 9.9 (3.28) .. 
55 ND 2.10 (0.07) ND 5.2 (0.78) .. 
58 2.50 (0.26) ND 9.5 (3.10), ND 
Table 4. Component EITcd on Flux ami Butanol Sclc<.:tivity 
Component 
with Butanol Flux (LMH) 
acetone 0.41 (0.19)1 
ethanol 0.52 (0.14) 
acetic acid 0.60 (0.07) 
butyric acid 0.57 (0.02) 
'standard deviation 
,. averages witlt the Slime subscript 
were nut siunifkantly diiTerent 
Table 5. Comparison of Membrane Types 
Flux (LMH) 
Membrane Model AI1E Uutanoi!H,O 
.I Jllll PTf"E welted ND' 
. 2 pm PTf"E 0.98 (0.16) 0.17 (0.08) 
.45 Jtlll J>TFE 0.41 (0.04) 0.54 (0.023) 
Dimethyl silicone 0.16 NO 
I' OMS (45°) NO 0.26 
llydruphuhic U.F. ND wetted 
1 N D not dune 
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Selectivity 
13.7 (4.35). 
7.9 (4.88),. 
5.6 (0.49), 
3.6 (0.85), 
Selectivity 
Model AUE Butanoi!H,O 
ND ND 
9.5 ( 1.08) 8.5 (2.40) 
10.4(1.98) 10.4 (1.41) 
1.4 ND 
NO 6.5 
ND NO 
Table b. J>erv<tporation of Ultraliltered Fermentation []roth 
Mcmhnmc 
MWCO Flux Selectivity 
1000 0.64 (0.09)' 4.2 (0.90) 
30,000 0.39 (0.09) 4.4 ( 1.10) 
100,000 0.30 (0.07) 7.8 (0.07) 
whole cell 
hroth 0.40 (0.25) 5.6 (4.90) 
1,.,.,.,.1 . ., .I ,l.,ui•.ti,,., 
~~---- ~~ ~~-----~~--- ---- ~~---~~ ~~~~~~~~~-
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Abstract 
Fundamental studies to determine the capacity of cell binding to microspheres with immo-
bilized monoclonal antibodies on their surface were performed. Pure antigens were obtained 
from cell surfaces, while pure monoclonal antibodies were obtained by purifying the products 
of cultures in which hybridoma cells that produce the monoclonal antibodies were grown. The 
monoclonal antibodies were immobilized on hydrophobic microspheres, and the surface coverage 
was determined. The saturation coverage is 9 mg/m 2• The antigens on the surface of E. coli 
strain AT 5050 were quantified. It was found that 11 ng of pilin equivalents are present on the 
surface of 106 cells of this strain. Finally experiments were performed to determine the amount 
of pilin that binds to antibodies immobilized on microspheres. It was found that 1.2 mg/m2 of 
pilin binds to the sphere surfaces, which is equivalent to a binding of 1.1 x 1011 cells/m2 . 
INTRODUCTION 
Separation of one particular functionally homogeneous subpopulation of cells from a mixture con-
taining various subpopulations of cells is of interest for various reasons. One such example of 
importance to medical scientists is the separation of mature T-cells from bone marrow for autol-
ogous transplantation. Biologists are interested in isolation of rare cell types for cloning and for 
biochemical studies, while chemical engineers are interested in removal of nonproductive, segregant 
cells that usually grow faster than productive, plasmid-bearing cells from a recombinant bacterial 
fermentation. 
Separation of cells depends on the functional or physical differences between the different types 
of cells to be separated. Physical properties such as size, charge, and density have been exploited in 
attempts to separate cells 1 . Using these methods, however, a high degree of purification of a single 
population is difficult to achieve. Cell separations based the ability of certain cells to differentially 
bind to ligands offers the greatest s.electivity with the greatest variability2. The ligand molecules 
can be antigens, antibodies, receptors, proteins, lipids etc. 1 . 
About 99% of all cell separations to-date are performed in centrifuges, usually as a part of 
research experimentation3 . Automated systems have been used for cell separation4 •5 . In all these 
systems, the instrumentation is very expensive. Separations by sedimentation or centrifugal elutri-
ation require a difference in size or density of the cell populations 6- 8 . Aqueous two-phase systems 
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and electrophoresis are useful methods for cell separations9- 12 but need extensive study for each 
mixture. Methods based on the attachment of cells to affinity carriers usually offer the most ver-
satility, because only the cell surface properties need to be known. Antibodies and other affinity 
molecules that selectively bind to a particular subpopulation of cells have been used to separate 
cells by panning (selective adhesion of desired or undesired cells) on petri dishes coated with the an-
tibodies, or using microspheres on the surface of which the antibodies have been immobilized 13 - 19. 
The microspheres with desired or undesired cells are then separated by differential sedimentation 
or magnetic separation 16·17·19. Columns containing gel or bead matrices with affinity molecules 
attached to their surface have been utilized to separate cells20 . The disadvantage with affinity 
gel columns is that they get clogged with cells and need periodic replacement. Microspheres can 
be externally treated to remove cells, and then recycled. Most of the research for cell separa-
tions has been with mammalian cells, human cancer cells, bone marrow cells, T-cells, or blood 
cells6,9,10,14,15,17,20,21. 
Partial separation of piliating cells from nonpiliating cells was achieved previously by selective 
adhesion of piliating cells to mannose-containing carriers : Candida albicans yeast cells22 . In 
general, focus on bacterial·cells has been limited, except for maintenance of plasmid-bearing cells 
in recombinant bacterial fermentations. In this paper, experiments performed to study interactions 
between chosen antigens (type 1 pili) and antibodies that bind to pili are described. The results 
obtained were used to estimate the capacity of immobilized antibodies for binding piliating cells. 
These results will further be used to design experiments for targeted removal of piliating cells from 
mixtures containing piliating and nonpiliating cells. Thus a model system will be developed for cell 
separations using targeted monoclonal antibodies. 
MATERIALS AND METHODS 
Purification and Concentration Determination of Pilin 
We obtained pure pili by standard procedures 23 - 25 (in the University of Colorado Health Sciences 
Center at Denver). An E. coli strain containing plasmid p0RN108, which hyperpiliates by plasmid-
controlled piliation, was used to obtain pure pili. The bacterial cells were grown statically (without 
aeration) for 48 hours in brain heart infusion containing chloramphenicol and ka~amycin to which 
the plasmid is resistant. The cells were grown in eight Fernbach flasks containing 1liter of medium 
each. 5 ml of an overnight grown culture in LB medium containing 2.5 - 3.0 x 108 cells/ml were 
used to inoculate the flasks. After 48 hours, cells were harvested by centrifugation at 9,000g for 
one half-hour, and resuspended in TES buffer. The cells were then blended in an Osterizer blender 
at the highest speed to shear off the pili from the cells (five bursts of 2 minutes each with cooling 
periods in between). The suspension was centrifuged at 7,000g for 30 minutes at 4°C to remove cell 
debris. The pili in the supernatant so obtained were precipitated by adding magnesium chloride to 
a final concentration of 0.1 M, and incubating for 1 hour at 37 °C. The precipitate was recovered 
by centrifugation at 27,000g for 1 hour at 4°C. The precipitate was dissolved in TES buffer, and 
the process of precipitation using 0.1 M MgCh and recovery using centrifugation was repeated 
twice. The final pellet obtained was redissolved in 5 ml of 0.5 mM TES buffer. Pili were then 
obtained in three cycles of purification. The pili were broken down into pilin subunits by adding 
1 N HCl so that the pH of the suspension was under 2.0. The solution was then boiled at 100°C 
----~-----
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for five minutes. The pH was then readjusted to 7.0 using 1 M NaOH. Samples of the solutions 
were checked for purity by polyacrylamide gel electrophoresis. Samples of the solutions obtained in 
the three cycles were also assayed by using Pierce® BCA protein assay reagent with bovine serum 
albumin as the standard. The yields of pilin in three cycles of purification were 73.8 j.tg pilin/ g 
wet weight of cells, 50.4 J.Lg pilin/g wet weight of cells, and 104.7 J.Lg pilin/g wet weight of cells, 
respectively, accounting for a total amount of pilin of 8.6 mg. 
Purification of lgG type Monoclonal Antibodies that Bind to Type 1 Pili 
Hybridoma cells that produce lgG type monoclonal antibodies (strain RT-1 245E1), which bind 
to type 1 pili, were made by standard procedures at the University of Colorado Health Sciences 
Center in Denver19. The hybridomas were grown in a continuous culture that was operated in 
a perfusion mode whereby viable cells were recycled into the fermentor using an inclined settler 
which separates viable and nonviable cells based on their settling velocities (2.9 cm/hr, and 1.1 
cmjhr, respectively)26 . The continuous culture was performed in a Celligen® bioreactor of 1.8 
liters working volume. Cells were grown in Dulbecco's Modified Eagle's Medium supplemented 
with 5-10% fetal bovine serum. Dissolved oxygen was controlled at 50% of air saturation, and pH 
was controlled at 7.2. 1.6 liters of medium in the fermentor were initially inoculated with 200 ml 
of a spinner flask culture containing 1.6 x 106 cells/mi. Cells were grown in a batch mode for 81 
hours and then the culture was switched to continuous mode. The dilution rate was gradually 
increased from 0.5 days- 1 to 1. 7 days- 1 . The culture was terminated after 500 hours because of 
contamination. More than 25 liters of culture product containing about 40 J.Lg/ml of IgG antibodies 
were obtained. The culture supernatants were purified on a protein G affinity chromatography 
column to obtain the mon.oclonal antibodies in a pure form. 
The culture product was pretreated to remove cell debris, and .the concentrations of IgG in the 
supernatants so obtained were determined by enzyme linked immunosorbent assays (ELlS As )27 . 
The antibodies from the supernatants were obtained in a pure form by protein G affinity chro-
matography in a high pressure liquid chromatography (HPLC) system. The adsorption buffer used 
was 0.1 M sodium phosphate, pH 7.4, and the elution buffer used was 0.5 M ammonium acetate, pH 
3.0. The remaining antibody molecules in the column were stripped using 20% v /v acetic acid. The 
optical density of the eluting stream was continuously monitored by a UV detector at a wavelength 
of 280 nm. Fractions containing the antibody were pooled, and the pH was adjusted over ice to 
7.2, using 2 M tris solution. About 5 liters of culture products were purified, and a total of 72 mg 
of pure antibody was obtained. 
Immobilization of Monoclonal Antibodies 
The microspheres obtained in this study are made of polystyrene containing 2% divinyl benzene and 
are hydrophobic. The diameter of the microspheres ranges from 37-74 J.Lm, with an average of 56 f.l.ID. 
The surface area available per gram of microspheres is 0.1 m 2 . Antibodies were physically adsorbed 
on the microspheres by the following procedure29 . A 2.5% w /w suspension of the microspheres was 
made in phosphate buffered saline solution containing 0.005% tween-20. The microspheres vvere 
washed three times with 0.1 M borate buffer, pH 8.5. Since the antibodies were bound to the 
microspheres around this pH, the washing served as a preparative step to buffer the microspheres. 
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After adding known amounts of monoclonal antibodies, the suspensions were incubated at room 
temperature by gentle stirring for 16 hours. The suspensions were centrifuged, and the supernatants 
stored separately for determination of antibody in solution. The remaining protein binding sites 
on microsphere surfaces were saturated by incubation for one-half hour in phosphate buffered 
saline (PBS) solution containing 10 mg/ml bovine serum albumin. The microspheres were then 
washed three times with the same buffer and stored in PBS buffer containing 10 mg/ml bovine 
serum albumin and 5% glycerol for determination of antibody on their surface by enzyme linked 
immunosorbent inhibition assays. 
Quantification of Antibody on Microsphere Surfaces and Antigen on Cell Sur-
faces 
Enzyme linked immunosorbent inhibition assays performed to determine antigen quantities on 
cell surfaces were described by Dodd and Eisenstein23 • These assays were also used to quantify 
antibodies on microsphere surfaces. The procedures were as follows: For microsphere assays, 100 
p,l of PBS buffer containing antibodies that bind to type 1 pili were added to the wells of a micro-
elisa plate. The plates were incubated overnight (16 hours) at 4°C. The plates were washed three 
times with PBS-0.05% Tween. The remaining protein-binding sites were blocked by adding PBS 
buffer containing 1 mg/ml gelatin to the wells and incubating for 3-4 hours at room temperature. 
Serial two-fold dilutions of antibodies and microspheres were then prepared and 50p,l each were 
added to the wells. Some wells without addition of microspheres served as controls. 100 p,l of a 
goat-antimouse IgG diluted 1:4,000 in PBS were added to the wells. Wells without the addition 
of antimouse IgG served as blanks. After incubation for 3 hours at room temperature, the plates 
were once again washed with PBS-Tween. 100 p,l of substrate solution consisting of 0-phenylene 
diamine in 100 ml of citrate-phosphate buffer, pH 5.0, were added to the wells. After reaction for 
10-30 minutes, the reaction was stopped using 25 p,l of 12.5% sulfuric acid and the results were 
read at 490 run. Percent inhibition was calculated as follows: 
t . h "b "t. 0 Dcontrol - 0 Dwell X 100 percen zn z z zon = OD 
control 
(1) 
Antigen quantification was done for the strain AT 5050. For antigen quantification on cell 
surfaces, pilin was bound to the wells. After addition of serial two-fold dilutions of pilin and cells, 
antibody that binds to pilin and cells was added to the wells. After incubation for 2 hours at room 
temperature, peroxidase conjugate was added. The results were obtained using procedures similar 
to those described above. 
Determination of Pilin Binding to Microspheres 
The antibodies were immobilized onto microsphe.res by adding three times the amount required for 
saturation of microsphere surfaces. The microspheres were then centrifuged in four cycles in 1.6 ml 
microcentrifuge tubes so that a 0.1 g pellet of microspheres was obtained. This is equivalent to a 
surface area ofO.Ol m 2 . Various amounts ofpilin (diluted in phosphate buffered saline solution) from 
10 p,g to 60 p,g were added to the microspheres. The microspheres and pilin were then incubated for 
three hours at 37°C with continuous mixing using an end-on-end rotor. The suspension was then 
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centrifuged, and the pilin content in the supernatants was determined by Pierce® BCA protein 
assay reagent. 
RESULTS AND DISCUSSION 
Our ongoing experimentation is oriented towards a fundamental study of a model system for cell 
separations. Our goal is to understand how the antigens interact with the immobilized monoclonal 
antibodies when present on cell surface, and when in free solution in the form of individual subunits. 
The antigens and antibodies were therefore obtained in the pure form for these studies. 
The antibodies were physically adsorbed onto microspheres. When hydrophobic particles are 
coated with antibodies, they are rendered more hydrophilic and easily remain in suspension without 
agglutination in aqueous solutions 28 . The hinge region of the Fe portion of the IgG type antibody 
is usually hydrophobic, and thus binding is expected to take place through this region, leaving 
the Fab reactive sites free for interaction with antigen16 . There is a lower limit to the amount of 
monoclonal antibody incubated with microspheres to prevent complete denaturation of antibody2. 
For these reasons, we not only indirectly determined the amount of monoclonal antibody appar-
ently immobilized on microspheres by obtaining the difference in the amount of antibody in the 
supernatant before and after immobilization, but we also directly measured the active antibody 
present on the surface of microspheres by enzyme linked immunosorbent inhibition assays. The 
results are shown in Figures 1 and 2, respectively. The error bars were obtained for three repeats 
of the experiment at the 90% confidence level. These results suggest that the amount of mono-
clonal antibody immobilized on microspheres is dependent on the amount of antibody present in 
free solution, and the surface area available for immobilization. There is an absolute maximum to 
the amount of monoclonal antibody that binds to a unit surface area of microspheres. This was 
determined to be 9.2±0.7 mg/m2 at the 90% confidence level. Based on the amount of antibody 
added, about 3- 5 mg/m2 of antibody also denatures. 
We desire to predict the number of cells that bind to microspheres by studying the binding of 
pure antigen (pilin) to the immobilized monoclonal antibodies. For this, however, we needed to 
determine the quantity of antigen present on .the surface of a given strain that we desire to separate 
using microspheres. We used enzyme linked immunosorbent inhibition assays to determine the 
antigen quantity on the cell surfaces 23 . The results obtained for free pilin and free cells are shown 
in Figures 3 and 4, respectively. From these figures, the amount of free pilin and the number of 
cells that cause 50% inhibition were obtained. From these values, the pilin equivalence on the cell 
surfaces of strain AT 5050 was calculated to be 11±2 ng/106 cells at the 90% confidence level. 
The amount of pilin that binds to microspheres is dependent on the concentration of pilin 
in suspension. In preliminary experiments, we determined the amount of pilin that binds to the 
immobilized antibodies on microspheres. Our results shown in Figure 5 indicate that the amount 
of pilin that binds to' immobilized monoclonal antibodies is 1.2::!::0.2 mg/m2 . This is equivalent to 
the binding of 1.1 x 1011 cellsjm2. 
The results of these experiments provide us a basic insight into the binding offree antigen (pilin) 
to the microspheres. Currently, the studies are directed toward removal of pilin from microsphere 
surface while keeping the antibodies intact for reuse of the microspheres. The strategy will then be 
used for removal of cells from microsphere surfaces while keeping the cells viable. 
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CONCLUSIONS 
Pure antigens(pilin) and pure IgG type monoclonal antibodies that bind to pilin have been obtained. 
The monoclonal antibodies were immobilized on hydrophobic microspheres. The coverage was 
found to be 9 mg/m2 of surface area on the microspheres. The amount of antigen on the surface 
of the given strain of E. coli (AT 5050), a hyperpiliating strain, was found to be 11 ng of pilin 
equivalents/106 cells. The amount of pilin that binds to immobilized monoclonal antibodies on 
the surface of microspheres was found to be 1.2 mg/m2. This is equivalent to a binding of 1.1 x 
1011 cellsjm2. From all these experiments, a preliminary fundamental insight into the binding of 
pure antigens to irrunobilized monoclonal antibodies was obtained through which the capacity of 
microspheres for cell binding could be estimated. 
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Charged Fusion For Selective Recovery of ~-Galactosidase From Cell Extract 
Using Hollow Fiber Ion-Exchange Membrane Adsorption 
Abstract 
Meng H. Heng and Charles E. Glatz 
Department of Chemical Engineering 
Iowa State University 
IA50011 
We explored the use of charged fusions for selective recovery of ~-galactosidase 
from cell extract using a low-cost, easily scaled, fast, charge-based separation technique---
ion exchange on hollow fiber ion-exchange membrane (HFIEM). The additional charges 
carried by a series of anionic fusion tails allowed selective binding and release of ~­
galactosidase from Escherichia coli cell extract using the HFIEM cartridge. The 
purification factors increased with fusion length. The ~-galactosidase was recovered in 
active form. For the longest fusion studied, more than six fold enrichment in specific activity 
was attained. The specific activity of the recovered fraction is comparable to that of 
commercial wild type ~-galactosidase and affinity purified fusion. 
Introduction 
Advances in genetic engineering techniques have made it possible to produce 
proteins of interest in sufficient quantities. However, the downstream processing technology 
for separating and purifying proteins has not kept pace with these advances. The high cost 
associated with achieving high product purity hinders applications in medicine, agriculture, 
and industry. 
With the importance of downstream processing being recognized in the practical 
application of biotechnology, novel ideas have evolved around genetic engineering 
techniques to generate products that facilitate its recovery. Purification fusion has been 
proven to be an powerful approach in improving and accomplishing difficult separation. The 
design and construction of purification fusions involves combining DNA specifying the 
target protein with DNA coding for all or specific elements of a second protein, or a peptide 
in order to endow the product with specific properties that facilitate purification. Purification 
fusions have been implemented with impressive improvement in purification by 
immunoaffinity (Abrahmsen et al., 1986; Hellebust et al., 1988; Hopp et al., 1988; Moks et 
al., 1987; Nilsson et al., 1985 & 1985; and Uhlen et al., 1983), substrate affinity (Germino 
and Bastia, 1984; Ullman, 1984; and Veide et al., 1987), metal chelation (Hochuli et al., 
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1988), and cation exchange chromatography (Sassenfeld and Brewer, 1984; and Brewer and 
Sassenfeld, 1985). The major drawbacks associated with these methods are high cost, and 
difficulty in large scale application. 
Ideally, protein purification techniques should be simple, easily scalable, low-cost, 
and, of course, should not inactivate the protein. In this work, we are interested in testing the 
applicability of purification fusions for selectivity enhancement in such separation process, 
namely hollow fiber ion-exchange membrane (HFIEM). The HFIEM is a charge-based 
separation technique which offers significant advantages over the conventional ion-exchange 
chromatographic gel column. The combination of rnicroporous membrane in a hollow fiber 
geometry and the uniformity of the structure along with the accessibility of the 
functionalized surface allow for rapid binding kinetics. This unique construction also allows 
linear scale up, theoretically by increasing the quantity of fibers potted in the column 
Specifically, we studied the use of such fibers for·recovery of ~-galactosidase from 
cell extracts and the enhancement in selective binding and release of ~-galactosidase 
provided by a series of anionic fusion tails. Previous research (Parker et al., 1990) in our 
laboratory has taken advantage of purification fusions to enhance selectivity of 
polyelectrolyte precipitation. ·Enrichment exceeding five-fold was observed when cell 
extracts of the same fusions, pretreated by nuclease digestion and diafiltration to remove 
nucleic acid interference, was precipitated but no significant improvement was reported for 
the untreated. 
Materials and Methods 
Eennentation 
The constitutive Escherichia coli strain Y1089-1 with plasmid pUR290 coding for 
the enzyme ~-galactosidase was used to produce a series of carboxyl-terminal fusion tails 
of the form: Gly-Asp-Pro-Met-Ala-(Asp)n-Tyr with n=O as control (BGCDO), n=4 
(BGCD5), and n=lO (BGCDll). The last two fusions were designated T1 and T2 
respectively in the original paper (Zhao et al., 1990) while the first has also been referred to 
as BGCRO in a study of polyarginine (R) fusions of the similar design (Luther, 1990). 
Cells were grown in Luria-Bertani (LB) medium containing 35 mg/L ampicillin 
(sodium salt) and 2% v/v glycerol (Maniatis, 1982). The main culture (1 L) was inoculated 
with 5 mL of overnight culture grown in the same medium from a blue colony picked from 
an LB agar indicator plate (containing ampicillin and 5-bromo-4-chloro-3-indolyl-~-D-
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galactoside). The fermentation was carried out in a 2-L Erlenmeyer flask at 37°C and 100 
rpm (Environ-Shaker 3597, La~-Line Instruments, Inc., Melrose Park, IL). The cells were 
harvested by centrifugation (4°C and 1.5 x 104 g for 10 minutes) after 8 to 9 hours of 
fermentation (Q.D.@ 600 nm ranging from 1.6 to 2). The collected cells were washed with 
1 L of 50 mM Tris-HCl buffer (pH 7.2) containing 10 mM MgCl2.6H20 and 100 mM 2-
mercaptoethanol followed by centrifugation as before. The cell pellets were stored at -70°C 
until use. All chemicals were purchased from Sigma Chemical Company, St. Louis, MO. 
Cell Extract Preparation 
The cell pellets were thawed on ice, resuspended in 20 m1 of Tris-HCl buffer and 
sonicated (Heat Systems W185 Sonifier, Ultrasonic Inc., Plainview, NY) to release the cell 
contents. Sonication was performed in an ice/salt bath six times for 30 s each with 30 s 
intermediate cooling. Centrifugation (4°C and 2.3 x Io4 g for 30 minutes) removed the cell 
debris. The supernatants were filtered (0.2 mm cellulose acetate filter; Cole Parmer 
Instrument Co., Chicago, IL) to remove fines. The specific activity of each extract was 
adjusted to ca. 70 U/mg by dilution with extract of Y1 089-1 host without plasmid. 
Hollow Fiber Ion-Exchange Operation 
Cell extracts were passed through an hollow fiber diethylaminoethyl (DEAE) anion 
exchange cartridge (Micro Isonet™-11000; Kinetek System Inc., StLouis, MO). The 
cartridge consists of three surface-modified polysulfone hollow fibers, with average pore 
size of 0.2 mm, housed in a polycarbonate shell. Flow (up to 20 ml/min) enters the shell and 
passes radially across the fiber wall, where the functional groups are attached, into the lumen 
of the fibers. Nominal protein binding capacity is 2 mg. 
Before receiving extract, the cartridge was equilibrated with 3 mL of 0.2 mm 
prefiltered potassium phosphate buffer (ionic strength 0.1 M or 0.2 M and pH 5.7) 
containing 5 mM MgCl2.6H20 and 100 mM 2-mercaptoethanol (equilibration buffer) 
introduced using a 5-mL syringe. Cell extract was pumped peristaltically (Cole Parmer 
Instrument Co., Chicago, IL) through the equilibrated cartridge at 10 ml/min, followed by 
washing with 5 mL of equilibration buffer. Bound protein was eluted using a 5-mL syringe 
by either single step (1 M NaCl) or stepped increments of NaCl (0.1 M step size) in 
equilibration buffer (2 mL of eluant at each step). Samples from each step were analyzed 
immediately for ~-galactosidase activity and protein contents. The cartridge was regenerated 
with 5 mL of 1 M NaCl in equilibration buffer and 5 mL of 0.5 M NaOH followed by 10 
mL of equilibration buffer, then stored wet at 4°C. 
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Protein and Activity Assays 
Protein content was determined using the Bradford (1976) dye-binding assay with 
Coomassie Brilliant Blue G-250 dye (Bio-Rad, Richmond, CA) and bovine serum albumin 
as the standard. The enzymatic activity of ~-galactosidase was determined by the rate of 
hydrolysis of o-nitrophenyl-~-D-galactoside (Sigma Chemical Company, St. Louis, MO) at 
37°C. 
Electrophoresis 
SDS-polyacrylamide gel electrophoresis (PAGE) was performed on the load 
solution, effluent, and step gradient eluted fractions for each fusion. Samples were dialyzed 
overnight in deionized water before for loading. The 7.5 % resolving gels were cast 
according to Laemmli (1970). The gels were stained overnight with 0.1 % Coomassie blue 
R250 in water/methanol/acetic acid solution (5:5:1 by volume) and destained with 30% 
methanol and 10% acetic acid solution. 
Results and Discussions 
Ion-exchange can be viewed as a bind-and-release process in which selectivity can 
occur in either step. We have examined the selectivity enhancement provided by the fusion 
in both of these steps by varying the loading and elution conditions. 
Selective Binding 
The binding characteristics of the three fusions (BGCDO, BGCD5, and BGCD11) 
were investigated by loading each cell extract at ionic strength of 0.1 M or 0.2 M and pH 
5.7, and eluting with the same buffer containing 1 M NaCl in a single step. Figure 1 is a 
plot of specific activity of each fusion before and after passing through the HFIEM 
cartridge. In order to quantitatively characterize the binding process, the purification factor 
(a), calculated as a ratio of specific activity after and before HFIEM, is also plotted in Figure 
1. All the HFIEM treated samples except for BGCDO at 0.2 M show enrichment in ~-
galactosidase activity, i.e., inc..Teased specific activity. It is conceivable that the fusion with 
additional charges capable of forming stronger bond with the DEAE groups can 
successfully compete over the other less anionic components for the limited binding sites. 
Although HFIEM and polyelectrolyte precipitation are similar techniques utilizing charge as 
basis of separation, the mechanism of each may vary; the nucleic acid interference reported 
earlier in the precipitation study does not affect HFIEM (Parker et al., 1990). 
-------~- ~-~ 
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The a value increased with increasing# of charged tail residues, implying enhanced 
selectivity during the loading process. The selectivity seen here can be attributed to the 
additional charges carried by the fusions. Although lower binding is expected at higher 
ionic strength, the a obtained for BGCD11 at 0.2 M is comparable to that of0.1 M. 
Additional charges carried by BGCD11 enabled it to successfully compete with other 
components for DEAE groups. On the other hand, the shortest fusion BGCDO was not able 
to do so and a< 1. The slight enrichment in the effluent, a=l.2, confirmed this observation. 
The BGCD5 with intermediate charges has a lower a at 0.2 M but still showed two-fold 
enrichment in ~-galactosidase activity. 
Selectivity Enhancement By Step Gradient Elution 
Figures 2, 3, and 4 are the step gradient elution profiles obtained with BGCDO, 
BGCD5, and BGCD11, respectively. Figure 5 shows the corresponding a's for each 
fusion. The variations of specific activity in the eluted fractions (for each fusion) indicate the 
presence of different percentage of ~-galactosidase and reflect the physiochemical property 
differences among the various protein components in the cell extract. The maximum protein 
concentrations are eluted at 0.2 M for all three extracts but the activity peaks varied, 
resulting in differences among the specific activity versus ionic strength curves for the 
fusions. These variations suggest that each fusion has different binding characteristic 
(assuming all the protein components, except the target fusion protein, behave similarly in 
each cell extract). 
The ionic strength <I max) required for eluting the fraction with the maximum 
specific activity can be used as an indication of the strength of the binding between the 
fusion and the DEAE groups. Imax was observed to increase with the fusion length. The 
Imax results are consistent with similar HFIEM analysis using affinity purified fusions 
(Figure 6). The slight variation in Imax can be attributed to the different elution step size 
used. Figure 6 also shows the elution profile of commercial wild type ~-galactosidase with 
Imax of 0.15 M indicating that the fusions have stronger binding. Based on typical pK 
values for amino acid in proteins (Stryer, 1988) and the amino acid composition of~­
galactosidase (Kalnins et al., 1983), the net charges at pH=5.7 were estimated to be -18.4, 
-22.48, -37.72 and -60.57 for wild type ~-galactosidase, BGCDO, BGCD5 and BGCD11, 
respectively. In addition to net charge, the high linear charge density of the fusion tails 
promote strong binding. These results are also consistent with earlier characterization 
(Niederauer, 1990), and precipitation of the same series of fusions (Zhao et al., 1990; and 
Parker et al., 1990). 
-------- ----- - - ----
The Imax fractions have significantly higher a values than the corresponding single 
step eluted fractions as competing proteins are eluted at the lower ionic strength steps. The 
maximum specific activity obtained for BGCD11 fractions (530 U/mg and 478.4 U/mg for 
0.1 M and 0.2 M equilibration buffers, respectively) is comparable to that of commercially 
prepared wild type ~-galactosidase (Sigma) and affinity purified fusions, 585 U/mg 
(s.d.=15.1). 
SDS-PAGE Analysis ofHFIEM Treated Cell Extracts 
The SDS-PAGE gel electrophoresis (see Figure 7, 8 and 9) confirmed that each 
fusion was selectively eluted at I max- It is evident from a comparison of the Imax fractions 
that selectivity increased with fusion tail length and significantly pure BGCD11 fraction was 
obtained. The clear 0.1 M fraction lanes on the gels indicate that non-specific protein 
binding is minimal and all the retained components are tightly bound to the HFIEM. 
Conclusions 
In this work it was demonstrated that protein fusions can be used to enhance 
separation in HFIEM. The selectivity enhancement increased with increasing fusion length: 
BGCD11 > BGCD5 > BGCDO. The ~-galactosidase fusions recovered are in active form. 
Simple on/of adsorption resulted in more than three-fold enrichment of BGCD11 from cell 
extracts. Enrichment exceeded six fold using step gradient elution The BGCD11 fractions 
eluted at Imax have specific activity comparable to that of commercial wild type ~­
galactosidase. 
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SITE-DIRECTED MUTAGENESIS TO ENHANCE THERMOSTABILITY OF 
GLUCOAMYLASE FROM ASPERGILLUS : 
A RATIONAL APPROACH 
Hsiu-Mei Cheni, Peter J. Reillyl, and Clark Ford2 · 
Departments of Chemical Engineering1 and Food Science and Human Nutrition2 
Iowa State University, Ames, lA 50011 
The covalent modifications of aspartic acids and asparagines involved in the thermoinactivation 
of glucoamylase from Aspergillus niger were investigated to provide a rational approach to enhance 
the thermostability of glucoamylase by site-directed mutagenesis. Analyses of N-tenninal peptide 
sequences and amino acid compositions were applied to identify the weak peptide bonds in 
glucoamylase that were cleaved at pH 4.5 or lower upon heating. The results showed that the Asp126-
Gly127 peptide bond was most thermolabile in glucoamylase at pH 3.5, but not at pH 4.5. At pH 4.5, 
the thermodegradation of glucoamylase occurred very slowly, with the appearance of two other minor 
30 to 40 kDa peptides hydrolyzed from the N-terminal end. Deamidation of the Asn395 residue was 
also observed by determining the N-te1minal sequences of the peptide mixture resulting from the 
heated enzyme. By studying the sequences of the peptide mixture and the three-dimensional structure 
of glucoamylase, the tertiary structure was found to be crucial both for the cleavage at Asp-X bonds 
under mildly acidic conditions and for the deamidation of asparagines. Applying the results above, the 
irreversible thermoinactivation of Asn182-7Ala mutant was studied and compared to that of wild-type 
glucoamylase. The results showed that deamidation of the Asn182 residue contributed to the 
thermoinactivation of glucoamylase up to 70°C at pH 4.5. 
INTRODUCTION 
Glucoamylase (1,4-a-D-glucan glucohydrolase, EC 3.2.1.3) catalyzes the progressive release of 
D-glucose from the non-reducing ends of starchy polymers, and is heavily used in the food industry to 
produce high-glucose syrups. However, glucoamylases from most sources are fairly unstable at 
temperatures higher than 60°C, 1 and therefore they are used at 55-60°C over 24 to 72 h. Because the 
starch liquefaction step by a-amylase occurs at 105°C for 5 min and then at 95°C for 2 h, the 
saccharification step by glucoamylase is the rate-determining step for the whole process. Therefore, the 
development of a more thermostable glucoamylase will greatly contribute to this industrial process. 
Immobilization2.3 and chemical modification3.4 have been used in attempts to enhance the 
thetmostability of glucoamylase from Aspergillus, which is the most impottant source for commercial 
application. However, immobilization can result in the loss of enzyme activity2.3 and cause a decrease 
in the production rate of glucose due to pore diffusion limitation.2 Chemical modification yielded 
relatively little improvement in the thetmostability of glucoamylase.4 Recently, glucoamylase from 
Saccharomycopsis fibuligera was genetically engineered without the benefit of structural information 
or rational design.5 The result showed that two of the mutants lost stability upon heating and the 
corresponding residues were essential to thermostability. These studies demonstrated that 
immobilization, chemical modification, and site-directed mutagenesis of glucoamylase without the 
knowledge of its three-dimensional structure could not stabilize it efficiently. 
-------------------------
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Hydrolysis of aspartyl peptide bonds, which has been observed in thermoinactivated 
glucoamylase at pH 4.5 or lower,4 and deamidation of asparaginyl residues in proteins and peptides 
have similar mechanisms and lead to in·eversible thetmoinactivation of many enzymes.6-12 Moreover, 
site-directed mutagenesis has stabilized yeast triosephosphate isomerase from thermoinactivation 
successfully by eliminating its deamidation sites. 9 Since in-eversible thermoinactivation demarcates 
the upper limit of protein thermostability, protein engineering is feasible to improve the thetmostability 
of proteins by replacing the residues responsible for the covalent modifications mentioned above. 
In this project, we investigated the aspartyl and asparaginyl residues in Aspergillus niger 
glucoamylase, which are patticularly susceptible to covalent modifications under mildly acidic 
conditions upon heating, by the analysis of N-terminal sequences of enzyme fragments after 
deactivation. The three-dimensional structure of glucoamylase I' from A. awamori var. kawachi, 13 
whose N-terminal amino acid sequence is identical to that of glucoamylase from A. niger or A. 
awamori14 was applied to predict other important residues for further site-directed mutagenesis. The 
irreversible thermoinactivation of the Asn182~Ala mutant of A. awamori glucoamylase, which had 
previously been generated and expressed in Saccharomyces cerevisiae in this laboratory,15 was studied 
to support our investigation. 
MECHANISM 
The deamidation of Asn residues in peptides and proteins at pHs above 216,17 and the 
isomerization of Asp-X bonds to change a-amide to ~-amide bonds under mildly acidic 
conditionsl6,l8.19 are believed to proceed nonenzymatically through the formation of a cyclic imide 
intermediate (Scheme I). After cycliza~ion, the cyclic imide is spontaneously hydrolyzed to produce a 
mixture of aspartyl ;.md isoaspartyl peptide bonds, with the latter generally being three times as 
prevalent. 16.1 7 
0 
II 
CHr c- Nfl2 
I 
-NH- CH- C- NH- CH- C-
ij k & 
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1-NH 3 +Hif ~0 
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II liJ 
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- , II 
Cyclic imide c. 0 - R 0 
II 
0 
Isoaspartyl peptide 
· Scheme I 
Following isomenzation, the aspartyl and isoaspartyl peptide bonds are hydrolyzed as the result 
of intramolecular catalysis by ~-Garboxylate displacement of the protonated a-amide bond (kp, Scheme 
II) and by a-carboxylate displacement of the protonated ~-amide bond (ka, Scheme II) respectively. 18 
Since the a-carboxyl group has a pKa value lower than the ~-carboxyl group in an unfolded 
--~----
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polypeptide chain 18 under the mildly acidic conditions (pH 3.0 to 4.5) where glucoamylase is used, the 
a-carboxyl gro~p is almost completely ionized while the ~-carboxyl one is not. Therefore, the 
participation of the a-carboxylate (ka, Scheme II), which is the predominant product in Scheme I, 
should be the major pathway involved in the cleavage of Asp-X bonds at mildly acidic conditions. 
()' 
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Earlier studies have shown that the deamidation rate increases with temperature.l6.17 In addition, 
the Asn-Gly sequence in peptides and proteins is particularly susceptible to deamidation and 
rearrangement to an isoaspartyl bond.20-22 This may be explained by the steric hindrance effect for the 
formation of the cyclic-imide intermediate. Similarly, the Asp-Gly peptide bond is more susceptible to 
hydrolysis at mildly acidic conditions. 19 Furthermore, the Asp-Pro peptide bond is known to be the 
most thermolabile one in proteins because the greater basicity of the proline nitrogen. IS Glutamic acid 
and glutamine can also undergo similar covalent modifications, but at much reduced rates.20 
MATERIALS AND METHODS 
Materials 
A. niger glucoamylase for the peptide sequence analysis was purchased from Boehringer 
Mannheim Biochemica. Wild-type and Asn182--tAla mutant A. awanwri glucoarnylases was produced 
from S. cerevisiae and purified as before_23 
All chemicals for SDS-PAGE preparation were purchased from Bio-Rad. RCF-ConFilt, a 
centrifugal hollow fiber, was from Rio-Molecular Dynamics. PVDF membranes (Immobilion 
Transfer), 0.45-!lm pore size, were obtained from Millipore. 
Gel Electrophoresis of Thermoinactivated Glucoamylase _ 
A. niger glucoamylase (1 mg/mL) in 0.05M sodium acetate buffer at pH 3.0, 3.5, or 4.5 was 
incubated at 70°C. Aliquots were withdrawn at times ranging from 0 to 30 min and immediately 
cooled in an ice bath. After dilution with twofold concentrated sample buffer, aliquots (15 !lg of 
protein) were assayed by SDS-PAGE according to the technique of Laemmli24 on 0.75-mm 12.5-
17.5% polyacryamide linear gradient mini-gels. The gels were stained with Coomassie Brilliant Blue 
R-250. 
Purification of Peptide Fragments 
A. niger glucoamylase (0.1 mg/mL), dissolved in 60 mL of 0.05M sodium acetate buffer at pH 
3.5 in a stirred flask, was incubated at 70°C for 40 min. After incubation, the solution was cooled at 
37°C, reduced by 1M dithiothreitol, and neutralized by 1M NaOH to about pH 7, where aggregates 
produced due to heat treatment near the isoelectric point could be dissolved completely. The clear 
--------------------------
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reduced solution was then cooled at 4°C ovemight, concentrated to 300 J..lL by using a 6,000 MW cut-
off RCF-ConFilt, diluted with twofold concentrated sample buffer with excess SDS, and separated by 
SDS-PAGE on 0.75-mm 15% polyacryamide gels as before. The purified peptide fragments were then 
electroblotted onto PVDF membranes at 300 rnA for 60 to 100 min by using a Bio-Rad Mini Trans-
.Blot system according to the technique of Matsudaira.25 The stained bands cotTesponding to the 15-
kDa peptide fragment in Figure 1 were cut out and analyzed without further treatment. 
Because of the low quantities of the peptide fragments B toE in Figure 1, an additional electro-
elution was used to purify and concentrate them. Following SDS-PAGE, the gels were fast-stained 
with normal Coomassie Btilliant Blue R-250 staining solution for 10 min and destained briefly until 
the bands of interest could be visualized. The bands corresponding to the fragments B to E were then 
cut out with a razor blade, rinsed with deionized water, and electroeluted in ammoniun bicarbonate 
buffer by using a Bio-Rad electroeluter according to the manufacturer's manual. The eluted fragments 
were precipitated with cold acetone/HC1,26 dissolved in sample loading buffer with excess SDS, again 
subjected to SDS-PAGE, and blotted onto a PVDF membrane as before. 
Analyses of Peptide Fragments 
The blotted peptide bands corresponding to individual fragments A, C, D, and E were cut out, 
washed with deionized water, and analyzed for N-terminal peptide sequences or amino acid 
compositions. The sequencing was performed by Edman degradation with an Applied Biosystems 
Model 477 A protein sequencer equipped with an on-line Model 120A PTH-amino acid analyzer in the 
Iowa State University Protein Facility. The amino acid composition was analyzed in the same place. 
In addition to the analysis of individual peptide fragments, the whole reaction mixture containing 
1 mg/mL A. niger glucoamylase in 0.05M citrate-phosphate buffer at pH 3.0 was incubated at 60°C for 
20 h, concentrated by lyophilization, precipitated with cold acetone/HCl, and stored at -20°C. Right 
before Edman degradation, the pellet was added with ionized water, dissolved by adding 12.5% 
trimethylamine, and analyzed immediately for N-terminal sequences. 
Enzyme Assay 
Glucoamylase activity was measured with 4% maltose as the substrate in 0.05M sodium acetate 
buffer, pH 4.5, at 50°C. Six reaction samples at equally spaced time intervals within the linear region 
were taken and added to pH 7.1 Tris buffer at 1M final Tris concentration to stop the enzymatic 
reaction. The glucose liberated from the substrates was determined by the glucose oxidase method.27 
One unit of glucoamylase is defined as the amount of enzyme required to produce 1 J..lmol of glucose 
per minute at pH 4.5 and 50°C. 
Irreversible Thermoinactivation of Glucoamylase 
Purified wild-type or Asn182--tAla mutant A. awamori glucoamylase 1,23 80 J..lg/mL in 0.05M 
sodium acetate buffer at pH 3.5, 4.5, or 5.5, was added to glass vials that had been equilibrated to seven 
different temperatures ranging from 60 to 75°C at 2.5°C intervals. Samples were removed periodically, 
promptly chilled in an ice bath, and assayed for glucoamylase activity at 50°C as before after 24 h 
cooling. First-order rate constants of irreversible thermoinactivation were obtained by linear regression 
in semilogarithmic coordinates. 
RESULTS AND DISCUSSION 
Covalent Modifications in Thermoinactivated Glucoamylase 
The cleavage of peptide bonds that contribute to thermoinactivation of the enzyme at mildly 
acidic conditions can be elucidated by SDS-polyacryamide gel electrophoresis under reducing 
conditions. The commercial A. niger glucoamylase obtained from Boehringer Mannheim contains two 
------- - ~---- ---
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major forms, glucoamylase I (GA I) and glucoamylase II (GA II). GA II has the same N-terminal 
amino acid sequence as GA I, but lacks the raw starch-binding domain at the C-terminal end of GA 
J.28,29 Figure 1 shows the electrophoresis pattern of glucoamylase hydrolyzate treated at pH 3.5 and 
70°C. Lower molecular-weight peptide fragments hydrolyzed from glucoamylase were observed after 4 
min of heating at pH 3.5, which is similar to the earlier study.4 Hydrolysis at pH 3.0 and 70°C produced 
a similar fragmentation pattern as that at pH 3.5 (results not shown). However, the hydrolysis of peptide 
bonds is much slower at pH 4.5 and is without the production of some major fragments observed at pH 
3.5, such as the fragments A to C in Figure 1 (results not shown). 
The change in isoelectrophoretic mobility of protein has been used successfully to study the 
deamidation reaction of many other enzymes. 6-12 However, in the case of glucoamylase, the 
deamidation reaction at mildly acidic conditions could not be investigated by IEF because 
thermoinactivated glucoamylase tends to precipitate on the IEF gels even when they contain 8M urea. 
However, since NH3 is the product of the dea.midation reaction, the change of ammonia concentration 
in the glucoamylase solution after heat treatment can be an indicator of deamidation. By using the 
Sigma ammonia diagnostics kit, the increase of 1 OOmM of ammonium ion was detected in a tightly 
sealed vial where A. niger glucoamylase (5 mg/mL) in 0.05M sodium acetate buffer at pH 4.5 was 
incubated at 70°C for 5 min. This finding suggests that the deamidation of Asn residues may contribute 
to the irreversible thetmoinactivation of glucoamylase. 
Analyses of Peptide Fragments 
To determine the location of cleavage sites in thermoinactivated glucoamylase, both the 
individual purified peptide fragments hydrolyzed from glucoamylase and the mixtures of all fragments 
were analyzed by Edman degradation for N-terminal sequences. 
Analysis of individual fragments 
The results of individual N-terminal sequencing (Table 1) and amino acid analysis (Table 2) show 
that the predominant peptide fragment A in Figure 1 was produced by the cleavage of Asp 126-Gly 127 
peptide bond in glucoamylase when enzyme was heated at pH 3.5 or 3.0. This cleavage was not 
observed at pH 4.5, presumably because the pKa of the Aspl26 residue is lower than pH 4.5. This 
finding suggests that with the exception of the Asp-Pro bond, the Asp-Gly bond may be most 
thermolabile in proteins under mildly acidic conditions. Since the peptide fragments B, C, D, and E in 
Figure 1 were low in quantity and not dissolved in water, enzymatic C-terminal sequencing was not 
applied to determine the other cleavage sites. However, by adding the molecular weight of each residue 
progressively from the N-tetminal end of glucoamylase, two other cleavage sites were found around 
residue 260 and residue 290, and their hydrolyses could lead to the production of peptide fragments (B 
+D) and (C +E), respectively. 
Analysis of peptide mixture 
In order to obtain all of the cleavage sites, the whole reaction mixture containing all peptide 
fragments was directly subjected to Edman degradation. The hydrolysis conditions were changed to 
60°C and pH 3.0 for 20 h to avoid the aggregation of proteins or peptides observed at 70°C and pH 3.5, 
the isoelectric point of glucoamylase. Unfortunately, Edman degradation failed to reveal other cleavage 
sites directly because there were too many fragments in the mixture, and the degradation yield is 
different for each amino acid and each cycle. Nevertheless, the results uncovered two interesting 
features. First, the liberation of methionine-PTH from the Edman degradation of the peptide mixture 
(Fig. 2) shows that methionines were released in the third, sixth, and ninth cycles. Since both A. niger 
glucoamylases contain only two methionines, Metl35 and Met398, in their sequences,28.29 the one 
liberated in the ninth cycle should be Metl35, based on the observed cleavage site at the Aspl26-
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Gly127 peptide bond. Similarly, the methionine produced at the third cycle may be Met398, resulting 
from the cleavage at the Asn395-Gly396 bond. According to the mechanism, cleavage could occur at 
Asn-Gly peptide bond under mildly acidic conditions if the Asn residue is deamidated first. Therefore, 
this finding suggests that the deamidation of Asn395 could contribute to the irreversible 
thermoinactivation of glucoamylase. The origin of methionine in the sixth cycle is unclear, but could be 
due to an experimental artifact, because some peptides could have been degraded while the Edman 
degradation was discontinued for 1.5 h between the fifth and sixth cycles. 
Second, glucoamylase contains only two labile Asp-Gly bonds, between Asp126-Glyl27 and 
Asp382-Gly383, which are located on a-helices, with Aspl26 buried inside the molecule and Asp382 
located on its surface.I3 Because water molecules are very important reactants for the hydrolysis 
reaction, the smface Asp382-Gly383 bond is expected to be more susceptible to hydrolysis than the 
interior Aspl26-Gly127 one, whose cleavage has already been observed. If that were the case, high 
concentrations of phenylalanine in the second cycle and histidine in the ninth cycle would be obtained, 
according to the established sequence of glucoamylase.26.27 However, the results of Edman degradation 
for the mixture failed to support this hypothesis. This finding clearly suggests that not every Asp-Gly 
peptide bond in glucoamylase is labile and susceptible to hydrolysis under mildly acidic conditions at 
elevated temperature; instead, the occmTence of peptide hydrolysis may be determined by other factors. 
Study of Glucoamylase Structure 
The above studies revealed that the covalent modifications of aspartyl bonds and asparaginyl 
residues could contribute to the irreversible thermoinactivation of glucoamylase under mildly acidic 
conditions. However, since glucoamylase contains six Asp-Gly and five Asn-Gly bonds,28 which may 
be thermolabile according to the above studies, further study is necessary to rationally design mutations 
to enhance the thermostability of glucoamylase. Earlier studies showed that the tertiary structure of 
peptide bonds could determine the occurrence of these covalent modifications in the native or partly 
unfolded proteins.22.30 Comparison of the conformations of thermolabile Asp 126-Gly 127 and Asn395-
Gly396 bonds with that of the thermostable Asp382-Gly383 bond13 shows that the relative locations 
between the carbonyl carbon on the side chain of Asp or Asn and the peptide nitrogen of the succeeding 
residue are crucial for the occurrence of covalent modifications. As Scheme III shows, the peptide 
nitrogen of the succeeding residue must be accessible to the carbonyl carbon of Asp side chain (i.e., on 
the same side) to support the formation of the cyclic imide intem1ecliate (Scheme II). Even though 
Gly383 
Glyl27 
Scheme III 
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proteins are considered to be flexible, especially at elevated temperatures, rotating the peptide bonds 
about 180° could lead to extensive disruptions in the tertiary structure and would require very large 
activation energies. Hence, the conformation could help to predict the lability of Asp-Gly or Asn-Gly 
peptide bonds in glucoamylase at mildly acidic conditions before the complete disruption of tettiary 
structure occurs. 
The study of glucoamylase structure showed that Asp25-Gly26, Asp293-Gly294, and Asn182-
Gly183 were other possibly thetmolabile peptide bonds that could undergo covalent modifications 
through the formation of a cyclic imide intermediate. Both Asp25 and Asp293 residues are on the 
surface of the enzyme molecule, while Asn182 is located on a ~-sheet and is almost on the surface. 13 
Therefore, the cleavage of the Asp293-Gly294 bond may be responsible for the production of peptide 
fragments C and E when glucoamylase was thermoinactivated at pH 3.5 and 70°C (Fig. 1 and Table 1). 
The production of fragments Band D may result from the cleavage of the Asp257-Pro258 bond, since 
Asp-Pro bonds are known to be the most thermolabile bonds in proteins. 18 
Irreversible Thermoinactivation of Asn182~Ala Mutant Glucoamylase 
An Asn182~A1a mutant A. awamori glucoamylase was previously constructed and expressed in 
S. cerevisiae in this laboratory, in attempts to increase glucoamylase selectivity in the production of 
glucose.l5 According to the above study, the Asn 182-Gly 183 bond in wild-type glucoamylase may be a 
·thermolabile bond at which Asn 182 can undergo a deamidation reaction. Since the Asn 182~ Ala 
mutant lacks this potential deamidation site, its irreversible thermoinactivation can be used to evaluate 
our predictions. Figure 3 shows that the mutant glucoamylase is more thermostable than wild-type 
glucoamylase at pH 4.5 and 70°C. No increases in thermostability were observed at pH 3.5 and 5.5. 
This finding suggests that glucoamylase can undergo irreversible thermoinactivation through the 
deamidation of the Asn182 residue at pH 4.5 and that the enzyme can be stabilized by eliminating this 
deamidation site. However, at pH 3.5 and pH 5.5, other thermoinactivation processes become more 
important and therefore determine the inactivation rate, because this kind of site-directed mutation 
failed to stabilize glucoamylase under these conditions. According to above studies, the hydrolysis of 
Asp-X bonds occurs more rapidly at pH 3.5 than at pH 4.5, so it may detetmine the thermoinactivation 
rate at pH 3.5. In addition, disulfide exchanges at pH 5.5, which generally occur at near neutral and 
alkaline conditions, are possible, based on the observation of disulfide-linked oligomers at pH 5.5.30 
The irreversible thermoinactivations of both wild-type and mutant glucoamylases were also 
investigated at temperatures ranging from 60 to 75°C at pH 4.5. The apparent heat inactivation rate 
constant kin was determined by first-order kinetics. Arrhenius plots for thermoinactivation of the wild-
type and mutant enzymes are shown in Figure 4. The results show that the deamidation reaction is 
responsible for the irreversible thermoinactivation of glucoamylase at pH 4.5 and te,mperatures up to 
70°C. However, at temperatures higher than 70°C, the mutation failed to stabilize the enzyme, 
presumably because the tertiary structure of glucoamylase had been completely disrupted. Therefore, 
the formation of incorrect structures after unfolding instead of the deamidation of Asn 182 residue 
would determine the inactivation rate at temperatures above 70°C. 
CONCLUSIONS 
This study suggests a rational approach to design the site-directed mutagenesis of enzymes in an 
attempt to enhance their thetmostability. Both the hydrolyses of peptide bonds and the deamidation of 
Asn residues can contribute to the in·eversible thermoinactivation of glucoamylase at pHs from 3.0 to 
4.5 up to 70°C. The Asp126-Glyl27 and Asn395-Gly396 peptide bonds are two thermolabile sites for 
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covalent modifications and could be good candidates for site-directed mutagenesis. Furthermore the 
"' .... , 
Asp25-Gly26, Asn182-Glyl83, Asp293-Gly294, and Asp257-Pro258 peptide bonds are other mutation 
candidates for glucoamylase. The replacement of Asn with Gin or the replacement of Asp with Glu can 
conserve the net charge, reduce the rate of covalent modification, and enhance the thermostabi1ity of 
glucoamylase by reducing the ineversible thermoinactivation rate. Gly 127, which is the only Gly listed 
above that is not on a ~-tum, could be also substituted with Ala to reduce the hydrolysis rate at pH 3.5, 
because the side chain of Ala might hinder the formation of a cyclic imide intetmediate.20-22 The other 
glycines are located on ~-turns, which are crucial for the structure because of their great flexibility, so 
they cannot be replaced. The Asn 182~Ala mutation on A. awamori glucoamylase proves that the 
ineversible thermoinactivation rate at pH 4.5 up to 70°C could be reduced by eliminating the covalent 
modification site. However, at temperatures higher than 70°C, the enzyme should be further stabilized 
by avoiding the in-eversible process of formation of incmTect confmmations. 
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Table 1 
Sequence analyses of peptide fragments from hydrolysis of glucoamylase 
at 7oac and pH 3.5 for 40 min 
Fragment 
A 
B 
c 
D 
E 
Molecular weight 
(kDa) 
($OS-PAGE) 
15.0 
17.5 
21.5 
32.5 
36.5 
N-terminal sequence 
a b 
Alai - Thr- Leu- ... - Asp126 
(' 
ND 
Glyl27- Pro- Ala- ... 
Ala 1 - Thr - Leu - ... 
Alai - Thr- Leu- ... 
N-temlinaJ end of glu(.;oamyla~ 
~ Determined by amino acid analysis (Table 2 ). 
NO. not determined. 
Table 2 
Amino acid analysis of Fragment A from hydrolysis of glucoamylase 
at 70°C and pH 3.5 for 40 min 
Amino acid Number of residues 
from analysis a 
Aspartic acid 20.9 
Glutamic acid 7.9 
Serine 13.0 
Glycine 13.9 
Arginine 5.2 
Threonine 10.2 
Alanine 12.3 
Proline 5.2 
Tyrosine 4.1 
Valine 7.4 
Isoleucine 6.1 
Leucine 10.8 
Phenylalanine 3.0 
Lysine 2.0 
Histidine 0.0 
Tryptophan ND" 
a NO. not determined. 
h Based on 126 residues. 
~.: First 126 residues from N-terminus of glucoamylase. 
Number of residues 
from sequence b 
19 
7 
15 
13 
5 
II 
12 
5 
4 
~ 
7 
11 
2 
0 
4 
120 
Fragment 
ID 
Fig. l. SDS-PAGE of thermoinactivated glucoamylase. Glucoamylase 
(I mg/mL in 0.05M sodium acetate buffer at pH 3.5) ~as incubated at 
70°C. Aliquots were withdrawn at given times (0 to 30 min) and 
immediately cooled in an ice bath. A total of 15 Jlg of protein was 
assayed by SDS-PAGE according to Laemmli~4 
Asn395 I Gly396 - Ser- Met - Ser- Glu -Gin - Tyr- Asp- Lys - Ser- .... 
398 
Aspl26/ Glyl27- Pro- Ala- Leu- Arg- Ala- Thr- Ala- Met- Ile- .... 
135 
J(l001r---------------------. 
9 10 
Cycle 
Fig. 2. Liberation of PTH-methionine by Edman degradation from a 
hydrolyzed glucoamylase mixture. Hydrolysis conditions: 60°C an~! 
pH 3.0 for 20 h. 
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Fig. 3. Irreversible them10inactivation of glucoamvlase 
at ilJ C. N 1 o2A. repn:,enl' the Asnl o2--. Ala mutant 
gltu.:oamylase. WT represents the wild-type enzyme. 
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THE REDUCTION OF FLATULENT SUGARS IN THE RAPID 
HYDRATION HYDROTHERMAL COOKED SOY MILK 
P. Tuitemwong1, L.E. Erickson1, D.Y.C. Fung2 
1 Department of Chemical Engineering 
2Department of Animal Sciences and Industry 
Kansas State University 
Manhattan, KS 66506-5102 
ABSTRACT 
The activities of Aspergillus niger a-galactosidase on the hydrolysis of raffinose and stachyose 
were studied at 25, 37, 45 and 50°C. Raffinose was 90% utilized in 1 hour while stachyose 
hydrolysis was slower. The hydrolysis of stachyose generated raffinose, melibiose, and several 
monosaccharides as major products. The addition of the enzyme in the lactic acid fermentation 
of RHHTC soy milk enhanced the utilization of stachyose. The combined activity of both 
enzyme and yogurt bacteria hydrolyzed up to 50% of the stachyose in 14 hr. It gave more 
encouraging results than either enzyme or bacteria alone. 
INTRODUCTION 
Methods for the reduction of the flatulent sugars, raffinose and stachyose, in soy milk 
and soybean products have been extensively investigated (1,2,3). Mital et al. (1) reported the 
activity of the enzyme a-galactosidase in. some lactic acid bacteria. However, attempts to further 
exploit the ability of these bacteria have not been very successful (2,3). Alternative sources have 
been explored regarding the a-1,6 hydrolytic enzyme for the hydrolysis of raffinose and 
stachyose (4,5). 
The enzyme a-galactosidase is mainly utilized in beet sugar production (6) to hydrolyze 
a-galactosides such as raffinose in beet molasses (7), which prevent the crystallization of 
sucrose. Alpha-galactosidase produced by different sources differs widely in specificity, optimum 
pH, and temperature. McGhee et al. (8) reported that a-galactosidase produced by Aspergillus 
awamori has optimum pH and pH stability of 5.0 and has ogtimum temperature of 5cPC, but 
is relatively unstable at 55°C. It is readi11 denatured at 70 C in 14 min. For melibiose and 
raffinose the values of the~ are 3.0x10- M and 3.6x10-2 M; and the values of V max are 28 
and 4.3 JLmol/min/unit, respectively (unit= amount of enzyme that produces 1 JLmOl 
glucose/min). · 
Soybean milk also has a significant amount of raffinose and stachyose. Sugimoto and van 
Buren (4) and other workers (9) proposed the mechanism that stachyose was degraded to 
melibiose, raffinose, and manninotriose (galactose-galactose-glucose) as intermediates. Rapid 
hydration hydrothermal cooking (RHHTC) of soy milk is unique in its method of preparation. 
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. Previous studies focused on the application of the enzyme to soy milk produced by the hot grind 
method (8), which has different characteristics from RHHTC soy milk (10). Thus, the objectives 
of this study were to investigate optimum conditions, such as temperature and reaction time, of 
the enzyme a-galactosidase produced by A. niger on the hydrolysis of the flatulent sugars in the 
RHHTC soy milk. The use of a-galactosidase in conjunction with the lactic acid fermentation 
of the RHHTC soy milk to obtain a greater reduction of stachyose in soy yogurt was also 
investigated. · 
MATERIALS AND METHODS 
EFFECTS OF TEMPERATURE AND INCUBATION TIME ON THE ACTIVITY OF 
Aspergillus niger a-GALACTOSIDASE 
The a-galactosidase enzyme (E.C. 3.2.1.22) was purchased from the Sigma Chemical 
Co. (St. Louis, MO). It was stored at 4°C until use. Two J.'mol (2 mL of 1mM raffinose) were 
used as the substrate with 0.3 units of the enzyme a-galactosidase in 0.03 mL acetate buffer at 
25, 37, 45, and 50°C, pH 4.0, for 60 min. Two JLmOl of stachyose solution (2mL of 1mM 
stachyose in acetate buffer pH 5.5) were hydrolyzed by 0.6 unit of the a-galactosidase at 25, 
37, 45, 50°C for 4 hr. The reaction was stopped by heating the mixture in boiling water and 
then boiling for 10 min. Marbles were used as covers to prevent water loss due to evaporation. 
The liquid was filtered through a 0.45 J.'m Whatman filter paper. The method of sugar analysis 
is described elsewhere (3, 11). 
EFFECTS OF A. niger a-GALACTOSIDASE ON THE HYDROLYSIS OF RAFFINOSE 
AND STACHYOSE IN RHHTC SOY MILK 
RHHTC soy milk was prepared from 11% soy slurry processed at 152°C for 30-35 sec 
as described in Tuitemwong (11). Duplicate tubes of two mL of the RHHTC soy milk were 
incubated with 0.6 unit a-galactosidase at. 45°C and pH 6.8. The samples were drawn as a 
function of time at 0, 4, 8, 14, and 20 hr. Analyses of the concentrations of sugars in the 
mixtures were performed as described elsewhere (3, 11). 
BEHAVIOR OF THE RHHTC SOY YOGURT FERMENTATION WITH THE 
ADDITION OF A. niger a-GALACTOSIDASE 
Experiments were performed to evaluate the utilization of stachyose and raffinose in 
RHHTC soy milk by the yogurt bacteria, the enzyme alone, or the combination of the hydrolytic 
activity of the enzyme a-galactosidase and the yogurt bacteria. The RHHTC soy milk (2 mL) 
was incubated with either 0.6 units of A. niger a-galactosidase, 4 hr old yogurt starter of 
Lactobacillus bulgaricus and Streptococcus thermophilus or their combination. The controls were 
prepared similarly, but acetate buffer was used in place of the enzyme and the starter. All 
samples were· incubated at 45°C for 0, 4, 8, 14, and 20 hr. The samples drawn at each 
incubation time were heated in boiling water for 10 min to stop the reaction of the enzyme . 
. Proteins were precipitated by isopropanol and were separated by centrifugation, while fats and 
pigments were removed by passing the supernatant through a C18 cartridge (Waters Association, 
Milford, MA). Fine particles were also removed by filtering the supernatant through a 0.45 JLm 
Millipore filter paper and concentrations of sugars in the soy yogurt samples were analyzed by 
125 
the HPLC method described previously (3, 11). A 20 J,tL aliquot of each sample was injected into 
the Varian 5000 HPLC for the sugar analysis. The concentrations of sugars were obtained by 
comparing the peak height to the corresponding standard curve. The pH of the samples was also 
monitored. 
RESULTS AND DISCUSSION 
ACTIVITY OF A. niger a-GALACTOSIDASE ON PURE SUBSTRATES 
The enzymatic hydrolysis of solutions containing 50.4 mg/lOOmL of pure raffinose in 
sodium acetate buffer at pH 4.0 with 0.3 units of a-galactosidase are shown in Table 1. The 
sugars detected by the HPLC method were fructose, galactose, sucrose, melibiose, and raffinose. 
The results showed that the rate of reaction was comparable to those reported elsewhere (4). The 
highest degradation of raffinose by a-galactosidase was found for the reactions at 25 and 45°C 
with 92 and 89% reduction, respectively. The reduction of raffinose for the reactions at 37 and 
50°C amountedto 74% for both cases. 
The concentrations of sucrose were 6, 5, 5, and 4 mg/ lOOmL for the reactions at the 
respective temperatures. They were not significantly different (a=0.05). Based on the 
concentrations of sucrose, about 15% of the raffinose was hydrolyzed to sucrose and galactose; 
similar analysis based on the final galactose concentration of 3 mg/lOOmL shows that about 17% 
of the raffinose was hydrolyzed to sucrose and galactose. The cleavage of the a-1, 6 bond linking 
galactose and sucrose was not the only hydrolytic reaction which occurred. Melibiose and 
fructose were also detected. These sugars may originate from the hydrolysis of the a-1 ,2 linkage 
of the sucrose. unit of raffinose by a-galactosidase or by simple hydrolysis relative to its 
instability in acidic solutions (12). In this study, the concentrations of melibiose from the 
reactions at 25, 37, 45, and 50°C were 23, 17, 23, and 21 mgllOOmL, respectively. These 
accounted for 67, 50, 67, and 61 mole% of the raffinose, respectively, suggesting an enzymatic 
hydrolysis rather than a simple hydrolytic cleavage. · 
The other sugar product of the a-1 ,2 cleavage was fructose. The final concentrations of 
fructose from the reactions at 25, 37, 45, and 50°C were 16, 14, 17, and 12 mg/lOOmL, 
respectively. These values correspond to 90, 80, 94, and 67 mole% for the reactions at 25, 37, 
45, and 50°C, respectively; the reaction at 50°C was found to be the least effective of the 
temperatures used. The a-galactosidase was not very stable at 50°C. In other work, the activity 
was completely destroyed at 75°C after 14 min (13). · 
The overall mass balance of the sugars produced from the hydrolysis of raffinose was 
satisfied within the analytical precision of methods. However, the proportions of the couple 
products such as sucrose-galactose and melibiose-fructose were slightly different. This may have 
been due to the other activities of the enzyme, such as the glycosyl transfer reaction, which 
utilizes some of these sugars as substrates for oligosaccharide formation (9). 
The results of the hydrolysis of 66.6 mg/lOOmL of stachyose at pH 5.5 in acetate buffer 
by 0.6 unit of A. niger a-galactosidase at 25, 37, 45, and 50°C for 4 hr are shown in Table 2. 
The reaction time was increased and a larger amount of the enzyme was used beeause the 
enzyme was less effective with stachyose (9). Raffinose, melibiose, sucrose, galactose, and 
fructose were produced from the hJ.drolysis of stachyose. The final reductions of stachyose for 
the reactions at 25, 37, 45, and 50 C represented respectively were 69, 64, 62, and 67% of the 
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initial substrate concentration of 66.6 mg stachyose/lOOmL. They were not significantly different 
(a = 0.05). On the average, about 14% of the stachyose was converted to raffinose and 
galactose. Most of the remaining stachyose which was hydrolyzed was converted to melibiose 
and the monosaccharides (fructose and galactose). The previous study of the hydrolysis of 
raffinose indicated that the sugar was utilized effectively in 1 hr. In this experiment, the final 
concentrations of. raffinose had similar values, about 6-8 mg/100mL for all cases. The 
concentrations of monosaccharides were at the level of 14 mg/lOOmL (2.3 Mm). In prior work, 
galactose and melibiose at 1 OmM have inhibited the enzyme activity to as low as 14 and 20% , 
respectively, of the original activity (9). However, the reduction of stachyose was in the range 
of 60-70% with 4 hr reaction time, which corresponds to that reported by Suzuki et al. (13). 
HYDROLYSIS OF FLATULENT SUGARS OF RHHTC SOY MILK BY A. niger 
a-GALACTOSIDASE 
The results of the hydrolysis of the sugars in the RHHTC soy milk at pH 6. 8 by 0. 6 units 
of A. niger a-galactosidase at 45°C for 0, 4, 8, 14, and 20 hr are shown in Figure 1. Some 
stachyose was hydrolyzed to raffinose and galactose during the first 14 hr. The concentration 
of stachyose decreased significantly during the first 4 hr of incubation (25% reduction) but the 
concentration of this sugar increased slightly before it was further degraded during hr 8-20. The 
hydrolysis of stachyose caused. an increase in the concentration of raffinose to 128 mgllOOmL 
in 4 hr; the raffinose was subsequently degraded by the enzyme. There was a corresponding 
increase in the concentration of galactose and other monosaccharides during the 20 hr period of 
observation. 
Sucrose, on the other hand, was relatively stable at the concentration of 400 mg/lOOmL 
although a slight reduction (8%) was observed after 20 hr of incubation. This may be due to the 
balance between formation and hydrolysis of sucrose (12); it may have been used as a substrate 
for oligosaccharide formation also (9). 
It appears that the hydrolysis of stachyose in soy milk for 20 hr was not very effective. 
Stachyose utilization activity of a-galactosidase was apparently most effective during the first 
4 hr of the incubation. Ohtakara and co-workers (9) have reported an unbalanced amount of 
galactose and sucrose produced from the hydrolytic reaction of a-galactosidase in conventional 
soy milk (pH 5.5, 37°C, 3 and 24 hr reaction times). In their work, oligosaccharide formation 
occurred at a high concentration of stachyose substrate (0.2 M). Oligosaccharide formation may 
contribute to the unbalanced concentration of substrates and products of a-galactosidase (14, 15). 
UTILIZATION OF RAFFINOSE AND STACHYOSE BY FERMENTATION USING 
L. bulgaricus and S. thennophilus 
The results of the utilization of sugars and the pH of soy yogurt fermented with L. 
bulgaricus and S. thermophilus (5% inoculum), without added enzyme, at 45°C for 4-20 hr are 
shown in Figure 2. The initial pH of the RHHTC soy milk was 6.8. As reported earlier, 
stachyose was utilized slightly by the S. thermophilus (15). The reduction of this sugar in the 
RHHTC soy yogurt was 12% after 4 hr of fermentation. The concentrations were quite stable 
during 4 to 20 hr of the incubation time with the respective concentrations of 238, 262, 230 and 
234 mg/100mL for hrs 4, 8, 14, and 20. The consumption of stachyose was not significant 
during this period (Figure 2). The yogurt bacteria utilized sucrose (both that which was 
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produced and that originally present in the soy milk) readily. The concentration of sucrose 
decreased to about 251 mg/100mL within 4 hr of the incubation (Figure 2). Galactose and 
fructose (expressed as monosaccharide) accumulated; the concentration of monosaccharides 
reached 107 mg/100mL at 14 hr. Apparently, stachyose was slightly consumed by the bacteria 
during hrs 4 to 20 resulting in some accumulation of the monosaccharides. . 
Melibiose was produced during the first 4 hr with the highest concentration observed at 
4 hr. Melibiose appears to have been hydrolyzed and/or consumed by the bacteria (S. 
thermophilus) during hrs 8 to 20 (15). The concentration of raffinose remained relatively 
constant. 
THE IMPACT OF YOGURT BACTERIA AND A. niger a-GALACTOSIDASE ON 
THE UTILIZATION OF RAFFINOSE AND STACHYOSE IN RHHTC SOY MILK 
The results of the fermentation together with enzymatic hydrolysis of sugars and pH of 
soy yogurt are shown in Figure 3. During the first 4 hr of processing with the application of 
both fermentation and hydrolysis with the enzyme a-galactosidase, the concentration of 
monosaccharides (galactose and fructose) increased to 66 mg/lOOmL. The trend was similar to 
that when the bacteria was applied alone. The concentration of the monosaccharides continued 
to increase and remained constant during hrs 14 and 20 with the concentrations of 104 and 91 
mg/100mL, respectively (Figure 3). These cultures appear to not utilize fructose and galactose 
effectively although it has been reported that S. thermophilus is fructose positive and L. 
bulgaricus is fructose variable (15). Galactose can be produced from the hydrolytic reaction of 
both stachyose and raffinose. The activity of L. bulgaricus on galactose has been reported to be 
positive but S. thermophilus has been found to be galactose negative. However, neither organism 
utilized free galactose when glucose was present (16). This may cause the accumulation of 
galactose. The high concentration of monosaccharides may be from both galactose and fructose 
which may lead to the inhibition of a-galactosidase (4,9). This may explain the slow degradation 
of raffinose and stachyose during the incubation (Figure 3). 
Sucrose on the other hand was utilized rapidly by the yogurt bacteria. Approximately 
26% of the initial concentration of 340 mg/lOOmL was utilized in 4 hr. This is expected for the 
soy yogurt fermentation. The lowest concentration of sucrose was found at hr 14 at 78 
mg/100mL, which was 77% lower than the original value. · 
Melibiose concentrations, however, were quite stable after the initial formation· during 
the first 8 hr of the incubation with the concentrations in the range of 80 mg/100mL. The final 
concentration was 30 mg/lOOmL at hr 20 (Figure 3). This indicated the hydrolysis of melibiose 
by the enzyme and the bacteria. 
The utilization of stachyose was significant during at the first period, with about 32% 
utilized, even though the microorganisms preferentially fermented sucrose rather than stachyose. 
The pH of the solution was slightly out of the optimal range of enzyme activity, 4-5.5 (9). After 
some fermentation, which lowered the pH of the mash, the combination of enzyme and microbial 
activities resulted in further degradation of stachyose. The bacteria and the enzyme appeared to 
be mutually beneficial and the utilization of stachyose was enhanced. The utilization of stachyose 
was as high as 50% after 14 hr of reaction time. However, based on data after 20 hr, the 
concentration of stachyose was only 36% lower than its initial concentration. The enzyme a-
galactosidase also has an activity of oligosaccharide formation or transglycosyl trarisfer reaction. 
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This was observed in this study and those reported previously (3, 14). 
The formation of manninotriose and other oligosaccharides by the transgalactosylation 
reaction of melibiose by a-galactosidase has been reported (14, 15). In the present study a peak 
between raffinose and stachyose and a small peak behind stachyose were also observed but no 
attempt to identify the peaks has been done. However, according to the findings of Mitsutomi 
and Ohtakara (14), the peak between raffinose and stachyose may be identified as 0-a-D-
galactopyranosyl-( 1-3)-D-galactopyranosyl-( 1-3 )-0-a-D-glucopyranosyl-( 1-2)-{3-D-
fructofuranoside; the peak coming after the peak of stachyose may be either 0-a-D-
galactopyranosyl-( 1-3)-D-galactopyranosyl-( 1-6)-0-a-D-galactopyranosyl-( 1-6)-0-a-D-
glucopyranosyl-(1-2)-{3-D-fructofuranoside or verbascose. This oligosaccharide formation 
catalyzed by A. niger a-galactosidase has not been reported previously. 
COMPARISON OF THE UTILIZATION OF STACHYOSE BY THE APPLICATIONS 
OF YOGURT BACTERIA, a-GALACTOSIDASE AND THEIR COMBINATION 
The reduction of stachyose by yogurt bacteria, enzyme, and bacteria in conjunction with 
enzyme had similar profiles. The utilization of stachyose was found to be the highest when both 
yogurt bacteria and enzyme were applied together. It appeared that the application of yogurt 
bacteria or enzyme alone had similar levels of oligosaccharide formation. This finding indicates 
that the glycosyl transfer reaction catalyzed by A. niger a-galactosidase enzyme did occur; the 
results are similar to those found in Pycnoporus cinnabarinus and Mortiorella vinacea reported 
elsewhere (7,9,14). The oligosaccharide formation was evident in the case where enzyme was 
applied alone. 
REFERENCES 
1. Mital, B.K., Schallenberger, R.S. and Steinkraus, K.H. 1973. a-Galactosidase 
activity of lactobacilli. Appl. Microbial. 26: 783-788. 
2. Pin thong, R., Macrae, R. and Rothwell, J. 1980b. The development of a soya-
based yogurt: III. Analysis of oligosaccharides. J. Fd. Technol. 15: 661-667. 
3. Buono, M.A., Erickson, L.E., Fung, D. Y.C and I. Jeon. 1990b. Carbohydrate 
utilization and growth kinetics in the production of yogurt from soymilk. Part 1: 
Experimental methods. J. Food Proc. and Preserv. 14: 135-153. 
4. Sugimoto, H. and van Buren, J.P. 1970. Removal of oligosaccharides from soy 
milk by an enzyme from Aspergillus saitoi. J. Food Sci. 35: 655-660. 
5. Gonzalez, C.F. and Kunka, B.S. 1986. Evidence for plasmid linkage of raffinose 
utilization and associated a-galactosidases and sucrose hydrolase activity in Pediococcus 
pentosaceus. Appl. Environ. Microbial. 51: 105-109. 
6. Sugawara, S., Nakagawa, R., Urashima, T., Sato, T., Muratubaki, T. and Sayama, K. 
1990. Transgalactosylation products from melibiose by the a-galactosidase of Absidia 
corymbifera. Agric. Biol. Chern. 54: 211-213. 
7. Ki:meko, R., Kusakabe, 1., Sakai, Y. and Murakami, K. 1990. Substrate specificity of 
a-galactosidase from Mortierella vinacea. Agric. Biol. Chern. 54: 237-238. 
8. McGhee, J.E., Silman, R. and Gagley, E.B. 1978. Production of a-galactosidase from 
Aspergillus awamori: Properties and action on para-nitrophenyl a-D-galactopyranoside 
129 
and galacto-oligosaccharides of soy milk. J. Am. Oil Chern. Soc. 55: 244-247. 
9. Ohtakara, A., Mitsutomi, M. and Uchida, Y. 1984. Purification and enzymatic 
properties of a-galactosidase from Pycnoporus cinnabarinus. Agric. Biol. Chern. 48: 
1319-1327. 
10. Hung, J. 1984. Studies on processing, functional characteristics and nutritional 
quality of hydrothermal extracts of soybeans. Ph.D. Dissertation. Kansas State 
University, Manhattan. 
11. Tuitemwong, P. 1992. Sensory and chemical characteristics of soy yogurt and 
frozen soy yogurt produced from rapid hydration hydrothermal cooked soy milk. Ph.D. 
Dissertation. Kansas State University, Manhattan. 
12. Whistler, R.L. and Daniel, J.R. 1985. Carbohydrates. In: Food Chemistry. (.0. R. 
Fennema, ed.) Marcel Dekker, New York. 
13. Suzuki, H., Ozawa, Y., Oota, H., Yoshida, H. 1969. Studies on the decomposition of 
raffinose by a-galactosidase formation and hydrolysis of raffinose. Agric. Bioi. Chem. 
33: 501-513. 
14. Mitsutomi, M. and Ohtakara, A. 1988. Isolation and identification of oligosaccharides 
produced from raffinose by transgalactosylation reaction of thermostable a-galactosidase 
from Pycnoporus cinnabarinus. Agric. Bioi. Chern. 52: 2305-2311. 
15. Tamime, A. Y. and Deeth, H.C. 1980. Yogurt: Technology and biochemistry. J. 
Food Prot. 43: 939-977. 
16. Hutkins, R. W., Morris, H. A. and McKay, L.L. 1985. Galactose transport m 
· Streptococcus thermophilus. Appl. Environ. Microbiol. 50: 777-780. 
440 
400 
-" .360 E 
0 320 0 
~ 
'-..... 
QD 280 E 
c 240 
0 
-' 200 (I) 
... 
_, 
c 160 Ill 
(.) 
-0 120 u 
80 
40 
0 
0 4 8 
0 Sucrose 
"' Monosacchandes 
e Raffinose 
'\7 Stachyose 
~· 
·----· 
12 •16 20 
Time, hr 
Figure 1. Hydrolysis of RHHTC Soy Milk (pH 6.8) by 0.6 Unit Aspergillus niger 
a-Galactosidase at 45°C for 0, 4, 8, 14, and 20 hr. 
....J 
E 
_, 
0 
..... 
---.._ 
"'il 
c 
c 
0 
('\l 
!... 
..... 
c:: 
Q) 
() 
:::: 
0 
(.) 
,, ( )lj 
,jLU 
320 
:~St) 
L'lU 
200 
160 
120 ·-
0 Snr·r·o:o-~t• 
'Y Mouo:;twchuridcs 
0 Melibiose 
e Raffinose 
'V Sluchyosc ~~9 
~ 
-----· 
0 I .r I I I I I I 
Figure 2. 
0 4 8 12 16 20 
Time, hr 
Fermentation of RHHTC Soy Milk (pH 6.8) by 
Lactobacillus bulgaricus and Streptococcus thermophilus at · 
45°C for 0, 4, 8, 14, and 20 hr. 
360 
320 ·-
....J 
6 280 0 
0 
..... 
'"-.. 240 t>D 
6 
c /00 
0 
:;::: 
(I) 160 !... 
..... 
c:: 
Q) 
() 120 c:: 
0 
(.) 
t;U 
40 
0 
Figure 3. 
0 4 
0 Sucrose 
'Y Monosaccharides 
0 M<!lil>iose 
e Raffinose 
'V St.uehyo:;e 
8 12 1 6 
Time, hr 
20 
Hydrolysis and Fermentation of RHHTC Soy Milk by 
Lactobacillus bulgaricus and Streprococcus thermophilus in 
Conjunction with 0.6 Unit Aspergillus niger a-Galactosidase 
at 45°C for 0, 4, !'i, 14, and 20 hr. 
,..... 
Lo.l 
0 
TABLE 1. 
ENZYMATIC HYDROLYSIS OF 50.4 MG/lOOML (2#-tmol) RAFFINOSE BY 0.3 UNIT Aspergillus niger 
a-GALACTOSIDASE AT 25, 37, 45, AND 50°C FOR 1 HRx . 
Concentration, mg/100mL 
Temp. °C Fructose Gal/GlueY Sucrose Melibiose 
25 16a 3b 6c 23f 
37 14a 3b 5c 17f 
45 17a 3b 5c 23f 
50 12b 3b 4d 21 f 
a-h Different letters in the same column indicate significant difference. 
x Values are the means of 2 determinations; Y Glucose and Galactose. 
TABLE 2. 
Raffinose Total 
4g 53h 
13g 52h 
6g 52h 
13g 52h 
HYDROLYSIS OF 66.6 MG/lOOML (2#-tmol) OF STACHYOSE BY 0.6 UNIT a-GALACTOSIDASE 
AT 25, 37, 45, AND 50°C FOR 4 HRx . 
Concentration, mg/100mL 
Temp. °C MonosaccharidesY Sucrose Melibiose Raffinose 
25 14a 0.6b 27c 6d 
37 14a 2b 22c gd 
45 14a 2b 23c 7d 
50 14a oh 25c gd 
a-f Different letters in the same column indicate significant difference (a = .05). 
x Values are the means of 2 determinations; Y Fructose and galactose. 
Stachyose 
21e 
24e 
25e 
22e 
Total 
68f 
68f 
68f 
68f 
...... 
!J.J 
...... 
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Abstract 
The mechanism responsible for the steady-state reached in the crossflow microfiltration pro-
cess is not well understood. Experiments have been performed on yeast suspensions through 
0.2 J.km pore size filters at various operating conditions. The measured fluxes are almost one 
order of magnitude lower than those predicted by Romero and Davis (1988) for nonadhesive, 
rigid spheres undergoing shear-induced diffusion. The difference could be due to cell adhesion, 
which leads to a jump in the particle concentration at the edge of the cake layer. A parameter 
(~eferred to as the ".crossflow integral") was determined from the experimental data in order to 
account for this concentration jump. The filter-suspension system has been characterized by 
three parameters: membrane resistance, specific cake resistance, and the crossflow integral. The 
theoretical fluxes obtained using average values of these parameters in the theory developed by 
Romero and Davis (1988) are in good agreement with the measured fluxes. The inertial lift the-
ory (Drew et al., 1991) is seen to overpredict the fluxes at high shear rates and underpredicts the 
fluxes at low shear rates. Also, the observed flux dependence on the feed particle concentration 
is not predicted by the inertial lift theory. 
1 Introduction 
Crossflow microfiltration is a downstream solid-liquid separation process in which the suspension 
to be purified is forced tangentially through a filter with microporous walls. The mechanism 
responsible for the steady-state reached in crossflow filtration process is not clearly understood. 
Brownian diffusion is the likely mechanism for particles less than 0.01 pm (Blatt et al., 1970). For 
particles larger than 0.01 pm, two mechanisms are believed to be responsible for the steady-state: 
inertial lift (Altena and Belfort, 1984; Drew et al., 1991), and shear-induced diffusion (Davis and 
Leighton, 1987; Davis and Romero; 1988). 
Many researchers have performed crossflow filtration experiments on yeast suspensions ( Cheryan 
and Mehaia, 1984; Hoffman et al., 1987; Kavanaugh and Brown, 1987). Matsumoto et al (1987) 
filtered a yeast suspension through a cellulose acetate filter at different flowrate and feed concentra-· 
tions. Lower concentrations and higher flowrates favored high fluxes. Ofsthun (1989) measured the 
filtration properties (cake resistance and porosity of the cake) of yeast suspensions by conducting 
a variety of experiments. The porosity decreased with increasing pressure below a few psi and 
then did not change with higher pressure. Ofsthun also performed crossflow microfiltration experi-
ments on yeast cells through different filters. She observed a pressure-independent steady-state flux 
that showed a weak dependence on the shear rate at the wall. The flux was seen to be inversely 
proportional to the logarithm of the bulk concentration. 
Romero and Davis (1991) compared crossflow microfiltration experiments on acrylic and poly-
styrene beads through a rectangular glass-walled crossflo:w microfilter and a ceramic tube-bundle 
with the global model of Romero and Davis (1988). The initial rates of the particle build-up were 
------------~-- ---~~~ 
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found to be essentially the same as predicted by deadend filtration theory. The cake resistance was 
calculated from the Blake-K ozeny relation. The measured fluxes (for these rigid particles) are in 
good agreement with the theory. 
In the present paper, crossflow filtration experiments have been performed on yeast suspensions 
through ceramic and polypropylene filters. A modification of the theory developed by Romero 
and Davis (1988), based on shear-induced hydrodynamic diffusion, has been used to compare the 
measured fluxes to those predicted by the theory. · 
Shear-induced diffusion 
Under the effect of shear, a particle in suspension experiences a fluctuating motion due to 
interactions with other particles. These lead to a diffusive flux of particles down the gradients of 
concentration and shear rate. Leighton and Acrivos (1987) have presented an empirical expression 
for the shear-induced diffusivity. Zydney and Colton (1986) used shear-induced diffusion as the 
basis in the concentration polarization model developed by employing the Leveque solution for the 
mass transfer coefficient (Porter, 1972a). The shear-induced diffusivity was assumed constant and a 
linear velocity profile was assumed across the boundary layer. Davis and Leighton (1987) proposed 
a local model based on shear-induced diffusivity where the velocity and the concentration profiles 
at any point are evaluated in the flowing boundary layer. Romero and Davis (1988) extended this 
to a global model by incorporating particle convection in the flowing boundary layer. The bulk 
suspension flow rate has the ability to sweep a maximum flux of particles in the axial direction. 
Due to this, there is a stagnant particle layer formed on the filter that leads to an increase in the 
shear-rate at the wall due to the constriction of the channel. The stagnant cake layer is assumed to 
offer most of the resistance, whereas the flowing layer offers little resistance to the permeate flow. 
Davis and Sherwood (1990) have performed an exact similarity solution under conditions where 
shear-induced diffusion is the dominant back-transport mechanism. For dilute suspensions ( d>b < 
0.1) with the resistance controlled by a thin cake layer, the average steady-state flux is given by 
(Davis, 1992): 
(1) 
where Lis the length of the filter, ¢b is the particle volume fraction in the feed suspension, Do = .Yoa2 
is a characteristic diffusivity, 'Yo is the shear rate at the wall, a is the particle radius, and J2 is the 
crossflow integral which accounts for the concentration-dependence of diffusivity and viscosity in 
the flowing boundary layer. Using empirical expressions for suspensions of non-adhesive, rigid 
sphere, Davis and Leighton (1987) calculated that J2 = 1 X 10-4 when the bulk concentration is 
small. 
When the cake resistance is not much greater than the membrane resistance, then a relatively 
thick cake layer may form which partially constricts the filter channel. In this case, a numerical 
solution is required in order to simultaneously predict the cake thickness and the permeate flux. 
As reviewed by Davis (1992), the steady-state results are presented by Romero and Davis (1988) 
and the trans.ient results are presented by Romero and Davis (1990). 
Inertial lift 
Particles, due to their inertia, exhibit a tendency to moveaway from the wall. This phenomenon 
was first observed by Rubinow and Keller (1961). Cox and Brenner (1968) quantified the inertial 
lift velocity of a particle. Altena and Belfort (1984) used the resulting expression for the inertial lift 
velocity to explain the steady-state reached in crossflow microfiltration operation. As long as the 
particle convection due to permeate flow dominates over inertial lift, particles will accumulate at 
the wall. As the particles collect, the channel constricts, increasing the shear rate and the inertial 
----- - -----------------
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lift velocity. The increase in the cake thickness continues until the inertial lift velocity equals the 
permeation velocity. 
Recently Drew et al. ( 1991) have developed an expression for the lift velocity using the "near 
·wall" lateral migration model for dilute suspensions with fast laminar flow. The inertial lift velocity 
for such cases prior to channel constriction is: 
3•2 
0 '"77poa lo V[ = .0 16J.Lo ' (2) 
where Vt is the inertial lift velocity, .Yo is the wall shear rate, Po is the fluid density, and f.Lo is the 
viscosity of the clear fluid. 
2 Materials and Methods 
2.1 Experimental work 
A schematic of the set-up is given in Figure 1. Experiments were conducted with two types of 
membranes: ceramic and polypropylene. The ceramic membrane is a Norton Ceraflo membrane 
with an average pore size of 0.2 J.Llll. The internal diameter is 0.24 ern, outer diameter is 0.48 
ern, and the length of the membrane after enclosed in the casing is 24 ern. This membrane has 
an assymetric pore structure and is hydrophyllic. The polypropylene membrane is an Accurel 
filter fiber marketed by Enka Microdyn. The average pore size of the membrane is 0.2 J.Lm. The 
internal diameter is 0.18 ern, outer diameter is 0.22 em, and the length of the membrane is 24.5 
ern. Polypropylene is intrinsically hydrophobic. 
An individual tube is enclosed in an acrylic casing. A peristaltic pump marketed by Masterflex 
is used to pump the feed suspension through the filter. The retentate is recycled back into the feed 
reservoir through a needle valve that is used to build pressure inside the filter. A pressure gauge is 
attached at the entrance and exit of the filter. The feed suspension volume for every experiment is 
1000 rnl. In a single run, only 50 rnl to 60 rnl of permeate are collected. Hence, the increase in the 
feed reservoir concentration is neglected. 
The permeate is collected in a reservoir placed on an electronic microbalance manufactured by 
Mettler (Model PE 3600). The balance is interfaced to a computer using the RS232 configuration. 
The suspension used for filtration was Saccharomyces cerevisiae (Fleischmann's dry yeast) sus-
pended in deionized water with a resistivity of 18.2 rnegaohrn-crn. A Coulter Multisizer was used 
to measure the size of the cells. The number-average size of the cells was always between 4.0 f.Llll 
and 4.4 f.Llll. The size was not seen to change after the yeast was suspended in deionized water for 
long periods of time (5-6 hours). Hence, it can be concluded that the cells (due to osmotic pressure 
differences) do not change size in deionized water over the period of one experiment. 
Each experiment consisted of passing de.ionized water through the filter for a certain period 
of time (typically one hour) until the flux remained nearly steady, followed by passing the yeast 
suspension through the filter for a similar period of time. The operating conditions that were 
varied include: feed particle concentration, transmembrane pressure, and bulk suspension flow 
rate. Keeping two of the three conditions constant, the third condition was varied over a wide 
range. The volume fraction of the particles in the suspension was determined using a wet cell 
density of 1.1 grnjcm3 (Szlag, 1988) and a dry yeast cell density of~ of this (Ofsthun, 1989). 
Between experiments, backfl.ushing followed by backwashing was used to clean the membrane. 
30 minutes. For the ceramic filters, a pipe-cleaner with a caustic soda solution was used to help 
remove the cake layer formed. 
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3 Results and Discussion 
3.1 Analysis of data for a single experiment 
A typical flux decline curve is shown in Figure 2. The similarity between deadend filtration and 
crossflow filtration for short times was used to determine the specific cake and the membrane 
resistances. The equation for the flux decline in deadend filtration is 
( 
(t- to)) -0.5 
J = Jo 1 + , 
T 
(3) 
where J is the permeate flux, ] 0 is the initial flux, and t 0 is the lag time. The lag time is the 
time from the switch from a pure-water feed to a yeast suspension feed until the yeast suspension 
actually reaches the filter surface. The time constant, T, is given by 
T= 
(¢c- r/Jb)Rm 
2Rc¢bJo 
(4) 
where Rm is the membrane resistance, Rc is the specific cake resistance, ¢b is the volume fraction 
of particles in bulk suspension, and ¢c is the volume fraction of particles in the cake layer. The 
volume fraction of the cells in the cake layer is ¢c = 0. 78 ( Ofsthun, 1989). This equation for deadend 
filtration holds for flat membranes. It also hold for filter tubes when the cake is thin relative to the 
tube radius. 
From the flux reached at the end of the pure water filtration, the membrane resistance was 
calculated using Darcy's law. Since no cake layer has been formed, Darcy's law reduces to 
From Figure 2, the steady-state pure water flux is (2.9 ± 0.2) x 10-3 em/sec, which corresponds to 
a membrane resistance of (3.9 ± 0.2) x 1010 cm-1, at the 90% ~onfidence level. 
In Figure 3, a graph of (J0 / J)2 - 1 vs t is plotted for the yeast suspension flux decline data of 
Figure 2. This graph is expected to be a straight line for short times. For longer times, the graph 
deviates away from the straight line. The reason for this is, since the flux for crossflow filtration is 
more than for deadend filtration after the same time interval, the value of ( "":f )2 - 1 is less for the 
crossflow mode as compared to deadend filtration at longer time intervals. At short times (when 
the cake is thin), the cake has an even thickness along the membrane: this makes the cake similar 
to one formed in deadend filtration. A linear regression on the data points gives an equation for a 
straight line. The least-squares method has been used as the method for linear regression. From 
the slope and intercept, T is 28 ± 1 sec and t 0 is 3651 ± 3 sec. The specific cake resistance is then 
calculated to be (5.9 ± 0.2) x 1012 cm- 2 . 
The values of the parameters Rc and Rm can be used to calculate the value of the dimensionless 
resistance, f3 = RR.~". The value of f3 using the parameters calculated above is 18 ± 1. This value of 
the dimensionless resistance can be used to calculate the average thickness of the cake layer on the 
filter fr<:>m Darcy's law. The value of the length average dimensionless steady-state flux (Jf j ] 0 ) for 
the experiment of Figure 2 is 0.053. The average cake thickness, 8, which yields this flux is 0.037 
em, indicating that the cake thickness is about one-third of the tube radius. 
The need to associate a third parameter to the filter suspension system results because the 
steady-state fluxes predicted by the theory of Romero and Davis (1988) are almost an order of 
magnitude higher than the measured fluxes .for yeast suspensions. This difference could be due to 
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the cake forming an adhesive layer, resulting in a jump in the particle concentration at the edge of 
the cake layer. This explanation can be affirmed by noticing a drop in the steady-state flux when 
the suspension flow rate is decreased but no jump when the suspension flow rate is subsequently 
increased to its original value (Figure 4 ). Hence the crossflow integral that is related to the particle 
volume fraction at the edge of the cake layer is calculated from the measured steady-state fluxes 
(i.e. treated as a parameter). The cross:fl.ow integral is higher for higher ¢w, the particle volume 
fraction at the wall. The values of 12 are back-calculated from the values of the flux using the theory 
developed by Romero and Davis (1988). For the data in Figure 2, th~ value of 12 is 6.3 x 10-6 . 
3.2 Average model parameters for all experiments 
The values of the specific cake resistances, membrane resistances and the crossflow integral were 
tabulated for experiments with the ceramic and polypropylene membranes. The average values of 
the membrane resist~nce for the ceramic and polypropylene tubes are (3.8 ± 1.2) x 1010 cm- 1 and 
(1.4 ± 1.2) x 1010 cm- 1 , respectively, at the 90% confidence level. The corresponding average values 
of the specific cake resistance are ( 4.1 ± 2.2) x 1012 cm- 2 and (1.7 ± 1.6) x 1012 cm- 2, respectively. 
The average value of log( ¢b12 ) for the ceramic tubes is -5.5 ± 1.0, and for the polypropylene tubes 
it is -8.7 ± 1.4. 
3.3 Comparison with theory 
Figures 5-10 illustrate the effects of transmembrane pressure, bulk suspension flow rate, and feed 
particle volume fraction on the steady-state flux for the ceramic membranes and for the polypropy-
lene membranes. The short-dashed lines are the steady-state fluxes predicted by the theory of 
Romero and Davis (1988) assuin.ing monodisperse suspensions of rigid spheres and non-adhesive 
cakes (i.e. the particle fraction in the boundary layer at the edge of the cake layer is the same as 
that in the cake). The long-dashed lines are the steady estate fluxes predicted by the inertial lift 
theory based on equation (2) (Drew et al, 1991) with channel constriction due to cake layer forma-
tion. The solid lines are the steady-state fluxes assuming that an adhesive cake layer is formed on 
the filter surface. The average values of the three parameters (membrane resistance, specific cake 
resistance, and the crossflow integral) are used to find the theoretical flux. The symbols are the 
measured steady-state fluxes. 
As the pressure is increased, the driving force increases, resulting in an increase in the steady-
state flux (Figures 5, 8). The steady-state flux also increases with the bulk suspension flow rate 
(Figures 6, 9). When the shear rate is higher, more particles can be dragged along in the axial 
direction. Thus more particles can be accomodated in the flowing layer, resulting in a higher 
steady-state flux. As the feed particle volume fraction is increased (Figures 7, 10), more particles 
per unit volume of the permeate are rejected, resulting in a thicker cake layer. Thus, higher feed 
concentrations give lower fluxes. 
The shear-induced diffusion theory without cake adhesion and the inertial lift theory can be 
seen to overpredict the flux for the experiments with the ceramic membrane (Figures 5-7). For the 
polypropylene membrane, the shear-induced diffusion theory without cake adhesion overpredicts 
the steady-state flux, but the inertial lift theory underpredicts it(Figures 8-10). The inertial lift 
theory does not predict the feed volume fraction dependence of the steady-state flux (Figures 6, 
9). In Figures 5 and 8, for different transmembrane pressures, the theory with cake adhesion does 
not predict the steady-state flux as well as for different bulk suspension flow rates or feed volume 
fractions. At lower concentrations (Figures 7, 10), the difference between the theoretical and the 
measured flux arises because one hour running time was not enough for the permeate flux to reach 
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a steady-state at such low concentrations. For both the sets,.the theory with cake adhesion is seen 
to be in excellent agreement with the measured data for varied bulk suspension flow rates and feed 
particle volume fraction, but the agreement for varied transmembrane pressures is only fair. 
In Figures 11 and 12, a plot of dimensionless steady-state flux (Jf I J0 , where J0 is the clean 
membrane flux) versus. logarithm of the dimensionless axial distance is plotted for ceramic and 
polypropylene tubes, respectively. The dimensionless filter length is L I Xcr, where Xcr = 'YoD~Id J!. 
The solid line is based on the theory of Romero and Davis (1988) but using the average values of 
the three parameters measured earlier in this paper. The symbols are the measured data from the 
experiments. The theoretical and experimental fluxes are in good agreement with each other for 
all values of the dimensionless filter length. 
4 Concluding Remarks 
Experiments with yeast suspensions filtered through ceramic and polypropylene tubes under cross-
flow conditions confirm that the steady-state flux increases with increasing transmembrane pressure 
and wall shear rate and decreasing feed concentration. These results are in good agreement with 
theoretical predictions using a shear-induced diffusion model, provided that a parameter referred 
to as the crossflow integral is determined by fitting the data. Since this parameter is lower for. yeast 
suspensions than for nonadhesive rigid spheres, it is proposed that the cake formed is adhesive, 
which implies that the cells in the cake are not free to diffuse away. Hence, the volume fraction 
of the cells that participate in the diffusive process is lower, resulting in lower fluxes than those 
predicted by the theory for rigid, nonadhesive particles. 
From the differences in the values of the specific cake resistance and the crossflow integral 
for yeast suspension through a ceramic filter as compared to through a polypropylene filter, it is 
concluded that these two parameters are not only dependant on the particles in suspension but 
also on the filter used. The adhesive characteristics of the particles in particlar and the entire cake 
in general to the filter material, could be responsible for the difference. 
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Introduction 
The bioconversion of lignocellulosic materials to fuel alcohols has been the subject of 
investigation for several years. These research interests include pretreatment of various 
feedstocks, enzymatic hydrolysis of cellulose and the subsequent fermentation of glucose to 
ethanol. Optimum conditions have been established regarding high yields of cellulose, glucose 
and ethanol. However, for an ethanol plant to operate on a yearly basis, a continuous supply of 
biomass must be available as substrate. Since the harvest of biomass occurs seasonally, the 
long-term storage effects need to be quantified in terms of fiber composition and ethanol yield. 
Dilute acid hydrolysis of lignocellulose is a pretreatment that removes lignin and 
hemicellulose using 0.5% sulfuric acid which leaves a cellulose that is more easily hydrolyzed 
to glucose (1 ). It is our hypothesis that the acidic ensiling conditions can provide a means of 
dilute acid pretreatment of sweet and forage sorghums prior to the produ.ction of ethanol by the 
simultaneous saccharification and fermentation (SSF) process. It is the objective of this study 
to investigate ensiling as a method of storage and pretreatment of forage and sweet sorghum. 
Research has also shown that ensiling forage materials with various silage additives such 
as sulfuric acid or hydrolytic enzymes significantly improves the fiber. digestibility (2, 3). 
Dilute sulfuric acid, cellulase, pectinase and acetyl xylan esterase will be added separately or in 
various combinations to determine their effects as sorghum silage additives. As silage additives, 
these components may work separately or synergistically to improve the digestibility of the 
cellulose f!bers during the ensiling process. The in situ hydrolysis of cellulose, hemicellulose 
and pectin fractions occurs concurrently with the acidic ensiling fermentation. Previous 
studies have shown that cellulase enzymes used as a silage additive have increased cellulose 
hydrolysis in situ (3). One of the major types of hemicellulose in sorghum is xylan, which may 
be substituted with acetyl, arabinosyl and glucuronyl residues. These side-chain substituents 
are cross-linked by ester bonds to phenolic acids, which may anchor lignin to xylan. This 
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substitution of xylan makes the plant cell walls resistant to degradation. By removing the acetyl 
groups using acetyl xylan esterase and 3-0-methyl glucuronyl side chains using pectinase, 
cellulose may be more accessible to hydrolysis by cellulase, both during in situ ensiling with 
enzymes and in SSF to ethanol. Finally, these silages will be evaluated by SSF to determine the 
effectiveness of ensiling with or without additives as a method of storage and pretreatment of 
sweet and forage sorghums. 
Materials and Methods 
Silo Set-Up: 
Colorado State University (CSU) and Iowa State University (ISU) are working in 
cooperation with the National Renewable Energy Laboratory (NREL) in Golden, Colorado. Sweet 
and forage sorghums were grown at the Iowa State Agronomy Research Center near Ames Iowa. 
The materials were field chopped in late September, 1991, and the following ensilage additive 
treatments were prepared at ISU: 
(1) Dilute sulfuric acid, 15.3 grams H2S04/kg sorghum, and 
(2) Dilute sulfuric acid plus cellulase, - 5 IU/g sorghum. 
Sorghum samples from the ISU study were shipped frozen to NREL for storage until 
compositional analysis, enzyme digestibility and SSF are conducted either at NREL or at CSU. A 
diagram depicting the ISU experimental design is shown in Figure 1. 
Sweet sorghum was frozen immediately after field chop harvesting in Ames, Iowa, and 
shipped by Air Express in a frozen state to Colorado State University. This material (26.25 kg) 
was partially thawed and inoculated with 0.1% (w/w) Pioneer Silabac, a silage inoculum 
containing Lactobacillus plantarum and Streptococcus faecium. Laboratory silos were set up in 
replicates of eighteen, each containing approximately 200 grams sweet sorghum on a wet weight 
basis (23% dry matter) packed tightly into 0.5 pint canning jars. The following treatments 
were prepared: 
(1) Control, no enzyme additives 
(2) Cellulase, 5 IU activity/gram dry sorghum 
(3) Cellulase, 5 IU/gram, and pectinase, 5 IU/ gram 
(4) Cellulase, 5 IU/gram, and acetyl xylan esterase, 5 IU/gram 
(5) Cellulase, 5 IU/gram; pectinase, 5 IU/gram and AXE, 5 IU/gram. 
On each sampling day, (0, 3, 5, 7, 14, 28, and 60 days after preparation), three silos per 
treatment were harvested by transferring the contents to freezer storage bags after taking the 
final weight of the silo. 
Enzyme activities were assayed using the following procedures established in the 
literature: cellulase, Ghose, 1987; pectinase, Jain et a/., 1990; and AXE, Bachmann, eta/., 
1991. 
--- - ~---------------
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Simultaneous Saccharification and Fermentation: 
Simultaneous saccharification and fermentation incorporates the enzymatic hydrolysis 
of cellulose to glucose and the fermentation of glucose to ethanol in one reaction vessel. 
Hydrolysis and fermentation occur concurrently, hence the term simultaneous saccharification 
and fermentation (7,8). The conditions incorporated into the SSF studies at CSU include 10 % 
solids, w/v; 37 degrees C.; pH 5.0; 150 rpm; 10% inoculum, v/v; and an enzymes loading of 
25 IU of cellulase activity/ gram cellulose. Genencor Laminex, assayed at 79 IU of filter paper 
activity, is used throughout the research. 
Saccharomyces cerevisiae DsA is a thermotolerant yeast developed at NREL. The 
inoculum is prepared by growing a 24 hour culture in a medium of yeast extract, 10 g/1; 
peptone, 20 g/1; and glucose, 50 g/1. Optical density, cell dry weight, ethanol, residual glucose 
and direct microscopic examination are recorded routinely prior to inoculating the SSF flasks. 
Alpha-cellulose (Sigma) is used a control substrate during the SSF- process. All materials are 
added to 250 ml shake flasks except for the inoculum and cellulase enzymes and then are 
autoclaved for 20 minutes. It is important to maintain these sterilization procedures since it is 
recognized that this process may also act as a pretreatment step. Experiments are underway to 
determine the extent of pretreatment due to sterilization either wet or dry. Utilizing 
unsteriliz~d materials is not part of the routine protocol but will be examined as a control by 
utilizing antibiotics (penicillin and streptomycin) to retard bacterial growth during the ethanol 
fermentation. 
Ethanol analysis is completed using a Varian Aerograph Series 2400 gas chromatograph 
equipped with a Poropak Q, 80-1 00 mesh, six foot stainless steel column and a flame ionization 
detector. 
Results 
Re~ults detailing the chemical and compositional changes that are expected to occur 
during the ensiling process are not presented. Dry matter, pH, organic acid and sugar analysis 
along with fiber composition will be performed either at CSU or at NREL on the ensiled samples. 
Preliminary SSF experiments were conducted using alpha-cellulose as a substrate. 
Because of a lack of shaker incubator space, experiments were performed to examine the 
possibility of using static incubation at 37C as opposed to the use of agitation at 150 rpm. The 
initial experiment (SSF I) utilized alpha-cellulose autoclaved wet, while SSF II utilized 
alpha-cellulose autoclaved "dry". Sterile medium components were added to SSF II after the dry 
material was sterilized at 121 C for 20 minutes. 
---------~---- ----
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The results, shown in Table 1, indicate the ethanol yield in percent (w/v) and as the 
percent of theoretical yield of ethanol from cellulose for both SSF I and SSF II. In addition, 
inoculum protocol was changed by NREL between SSF I and SSF II. SSF II received inoculum as 
described in the methods section while SSF I received a 14 hour culture grown on an initial 
glucose concentration on 1 0 g/1. 
Although differences in the inoculum between SSF I and SSF II may have contributed to 
the differences seen in the ethanol yield, autoclaving of the alpha-cellulose wet versus dry may 
have had an additional effect. Further investigation is necessary to quantify the effects of 
autoclaving wet versus dry substrates. Furthermore, no conclusions can be made regarding the 
effect of static fermentation versus agitation because our results are inconclusive. Because of 
time limitations, this parameter will not be investigated further and an agitation rate of 150 
rpm will be adopted throughout the study. Power requirements and agitation design for the 
enzymatic hydrolysis of. cellulose have been thoroughly studied by Elander. 
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Table ·1. Ethanol: Absolute concentration and % Theoretical 
yield. Static incubation VS 150 rpm. 
Ethanol 
Experiment 
%, wjy % Theoretical Time, hours 
SSF I 4.26 ~0.07 75.00 ± 1.23% 120 h 
static . n ='~4 
150 rpm 4.73 ± 0.08 83.27 ± 1.4% 
n = 2 
SSF II 3.59 ± 0.14 63.20 ± 2.46% 112 h 
static n = 4 
1SO rpm 3.23 ± 0.33 56.87 ± 5.81% 
n = 4 
SSF I received 3.7 . 107 colony forming units 
ml inoculum 
SSF II received 2.0 . 107 colony forming units 
ml inoculum 
% Theoretical yield of ethanol is calculated by the following 
formula: 
YE/c = grams Ethanol = 0.568 
grams Cellulose 
Figure 1 
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Stability and Biomass Feedstock 
Pretreatability 
for Simultaneous Saccharification and 
Fermentation 
Marc Lipovitch and James C. Linden 
Colorado State University 
Fort Collins, CO 
I am currently working in Dr. Linden's laboratory on a project that is funded through· 
the National Renewable Energy Laboratory (NREL);our laboratory is responsible for two 
parallel studies involving thefermentability of various herbaceous and wood species to ethanol. 
The first study involves the storage of a dozen bales of corn stover, which are sampled 
frequently to study the effects of potential microbial degradation over time. This entails weekly 
temperature monitoring, and bimonthly core sampling of the bales. At given intervals, several 
bales are destructively sampled, and the resultant samples generated are sent to NREL for 
further analysis. Our lab provides NREL with QNQC data, as well as results of simultaneous 
saccharification and fermentation (SSF) evaluation of pretreated samples. 
The second responsibility of our laboratory is to provide data generated by fermentation 
experiments run on samples of Black Locust, Hybrid Poplar, American Sycamore, forage 
sorghum, sweet sorghum, Switchgrass, and Sericea provided by NREL; and pretreated by 
dilute acid hydrolysis in the laboratory of Dr. Herb Schroeder, in the Department ofWood 
Science at Colorado State University. Pretreated samples are fermented according to protocol 
developed at NREL, for SSF. A temperature tolerant strain of Saccharomyces cervisiae, 
designated D 5A, has been provided by NREL. This yeast is added to the pretreated wood along 
with complex medium components, and enzyme (Genecor Laminex). The main advantage of 
this process is that conversion to ethanol occurs concurrently with enzymatic hydrolysis of the 
pretreated woods to glucose. The one-step procedure occurs at higher rates than separate 
hydrolysis and fermentation processes because substrate inhibition is eliminated. Preliminary 
results are promising, especially with the biomass species which are more easily delignified. 
Corn stover is among these, and is detailed in this report. 
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Introduction 
Simultaneous saccharification and fermentation (SSF) is an efficient means of producing 
ethanol from biomass. SSF is a one-step process, so that the main advantage of using this 
methodology is that enzymatic hydrolysis and fermentation occur at the same time; therefore 
reducing the buildup oflimiting end products, such as glucose and cellobiose1• Therefore, the 
overall cost of the method will be substantially lower than for a normal two-step fermentation. 
Yields will also tend to be higher, since any avaliable glucose produced by enzymatic hydrolysis 
is rapidly utilized for ethanol formation. 
Lignocellulosic materials represent the largest reservoir of potentially fermentable 
carbohydrates on earth and provide excellent potential for use as a fuel source2• It has been 
estimated that approximately 50 billion tons of cellulose and hemicellulose are produced 
annually worldwide by photosynthesis. The main advantage over this potential energy source 
over the usual coal-fossil fuel reserves is that these resources are renewable, while fossil fuel 
reserves are being depleted and are essentially not renew a ble2'3• Various woody and herbaceous 
biomass materials are currently being studied at NREL. This paper details preliminary results 
obtained from studies of storage of corn stover. 
Materials and Methods 
I. Simultaneous ·saccharification and Fermentation 
· Saccharomyces cerevisiae strain D 5A is maintained on minimal medium containing yeast 
extract, peptone, and glucose4 • Pure colonies are transferred to liquid medium, with glucose 
provided at 50 giL. After incubation at 37°C with agitation at 150 rpm for 24 hours, this serves 
as the inoculum for the fermentation at 10% v/v with a 10% w/v biomass loading. Antibiotics 
are added to the mixtures, along with medium adjusted to pH of 5.0. The final working volume 
is 1 OOml, and the fermentation takes place in 250 ml Erlenmeyer shake flaskswhich are fitted 
with gas evolution traps. The materials are then autoclaved. Enzyme loadings are determined 
by the amount of cellulose present in each sample of wood; enzyme required by the procedure 
is 25 IU/g cellulose5• The enzyme used for these experiments is Genecor Laminex, which 
contains exo- as well as endo-glucanases, and a significant amount ofbeta-glucosidase. Overall 
activity of this enzyme was found to be 79 IU/ml by standard filter paper assay. Glucose and 
alpha-cellulose are run as fermentation controls, and are run under the same conditions as are 
the samples. All fermentations are done in an incubator/shaker (New BrunsWick Psychrotherm) 
at 3tC. Samples are initially taken every four hours into the fermentation for the first twelve 
hours; then 24 hours thereafter until completion of the fermentation. During this time period, 
samples are analyzed for glucose concentration (YSI Model27 glucose analyzer), CFU (direct 
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plate counts), ethanol (Varian Aerograph 2400 gas chromatograph). The fermentations are 
allowed to continue until the level of ethanol produced stabilizes; usually this is about 72-96 
hours. At the end of the fermentation, select samples are analyzed by HPLC for 
oligosaccharide/monosaccharide composition. 
Concurrent with this experiment, straight saccharification samples are also run for each 
pretre~ted biomass sample. These samples are incubated with 40 IU/g cellulose of enzyme only 
(no yeast); and cyclohexamide (5mg/L)is added to prevent any microbial growth. Incubation 
with shaking at 150 rpm is set at 24 hours, at 45°C. After this period of time, the samples are 
analyzed for glucose only: 
II. Storage of Corn Stover 
Twelve 500kg bales of corn stover obtained from Eaton, Colorado are studied for a 
period of one year, for the purpose of determining weathering effects as well as fermentability. 
Bales are located at the CSU Agricultural Engineering Research Center. Weather data is 
obtained from a USDA weather station, which is at this same location. Bales are analyzed 
weekly to determine tern perature fluctuations, and monthly to note changes in bulk density and 
percent moisture. Bales are destructively sampled at selected intervals to determine interior 
weathering as well as effects of microbial degradation on fermentability. All protocols for the 
data collection were developed by NREL, with the cooperation of Colorado State University. 
Data is reported to NREL on a quarterly basis. 
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Results 
The experiments began in 1991, with the procurement of corn stover beginning in the 
middle ofDecember. To date, six bales have been destructively sampled in January and March 
1992, and dilute acid pretreated material from the starting material and the first of these 
analyzed for fermentability. Bale interior temperatures fluctuate to a degree, but are not 
extremely responsive to ambient temperature. One interesting exception can be made on March 
12, 1992, which was after a severe snowstorm in northern Colorado. All bales exhibited a large 
increase in internal temperature (Figure I). The rise in temperature was in response to 
com posting activity taking place due to increased moisture. Bale degradation was fairly severe 
at this point, but interior temperature dropped one week later, and has subsequently remianed 
stable. The effect of this degradation on the fermentability is not yet known. While the 
conclusion is that ambient temperature fluctuates widely, interior bale temperature remains 
fairly constant, except in cases of heavy precipitation. 
Bulk density of the bales (measured as. a function of buoyant density from water 
displacement in a pyncnometer) is decreasing over time (Figure II). This might be attributed 
to microbial degradation, but the study will have to continue to completion before a conclusion 
can be drawn. Percent moisture content also is steadily increasing, except after the heavy 
snowfall in March. Future weathering determinations of the interior of the bales will not be 
known until the next destructive sampling period in July 1992. 
Fermentation studies have been progressing steadily since December. So far, about six 
different samples ofbiomass have been examined, in addtion to com stover. Corn stover is the 
most susceptible material to de-lignify, based on resultant cellulose content in comparison to 
the other woods. This is also seen in the fermentation data; it compares favorably with an alpha 
cellulose control run during each fermentation. At the initial time period, corn stover reached 
a theoretical maximum of 66% within 3 days, pure cellulose exhibited a 52% yield. There is 
some difference between the inside and outside representative samples, and.the initial sample 
exhibited the lowest fermentability thus far. 
Free glucose levels stay at a basal level during SSP, usually below 0.5g/L. Yeast will 
utilize free glucose rather rapidly, barring any inhibitory effects of the pretreatment process (ie., 
the production offurfurals). Glucose is monitored more to see if the fermentation is proceeding 
as it should. This data is supported with plate count enumeration (the number of yeast cells is 
seen to stay at 107cells/ml). 
The scope of this study will encompass three years. Similar storage studies will be 
conducted after the completion of the corn stover storage study. NREL is also conducting 
parallel research on similar types of biomass; scale-up work is also in effect. Pilot studies for 
some of the more promising biomass samples are also being examined. 
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ABSTRACT 
Streptomyces uiridosporus T7 A was used to form biofilm on some novel inert 
supports, and Lactobacillus casei was used for lactic acid production. A total of 16 
different polypropylene composite (pp-composite) chips containing various kinds of 
agricultural materials was evaluated in 50-ml reactors with pure and mixed 
culture continuous lactic acid fermentations. For mixed culture fermentations a 
15-day continuous fermentation of S. uiridosporus T7 A was performed initially to 
establish a biofilm on the chips. Culture medium was then inoculated with L. 
casei. For pure culture evaluations, L. casei was inoculated directly into the 
reactors contai:iring sterile pp-composite chips. Continuous fermentation was 
started and each flow rate (0.06- 1.92 ml/min) held constant for 24 h. Lactic acid 
production was determined throughout the 24 h by HPLC. We observed that lactic 
acid concentrations, and production rates w~re consistently higher in mixed 
culture than in pure culture fermentations with and without pp-composite chips. 
Production rates that were two to five times faster than those of the control with 
no chips were observed for the pure and mixed culture bioreactors. To our 
knowledge this is the first report of this type of pure and mixed culture lactic acid 
fermentation. 
INTRODUCTION 
Lactic acid and its derivatives have found many applications in food 
industry as well as nonfood industry (10). Polylactic acid is a polyester of lactic 
acid that is a plastic with good tensile strength, thermo-plasticity, fabricability, 
and biodegrability (12). Lactic acid can also be used as feedstock for the chemical 
and biological production of other organic acids such as propionic acid, acrylic acid, 
acetic acid, propylene glycol, ethanol, and acetaldehyde (12). However, only 50% 
of total lactic acid production is produced from renewable sources by fermentation. 
The rest is obtained from petroleum. Because of limited production, the cost of 
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lactic acid is currently $1.03/lb. Some methods being employed to reduce this high 
cost are strain development for enhanced production, novel bioreactors designs 
and approaches, and improved recovery methods for lactic acid. 
Some of the novel biorecators are immobilized cell, hollow fiber, cell-recycled 
reactors, and biofilm reactors. Biofilms reactors consist of the natural attachment 
of microorganisms to an inert supports; it is a natural form of cell immobilization 
(5). Biofilms have also been used for different purposes since ZoBell (15) described 
the formation of biofilm in 1943. Some industrial applications of biofilm include 
biological oxidation or reduction of industrial wastes (11), "Quick" vinegar process 
(8), animal tissue culture (14), and bacterial leaching of ores (8). For more 
information we suggest several excellent reviews on biofilm by Atkinson et al. (1-
2), Bryers (4), Characklis and Solomon (6), and Chester (7). 
In this paper we described lactic acid fermentation in biofilm reactors by 
using some novel solid supports. Pure and mixed culture continuous fermentation 
with Lactobacillus casei and Streptomyces uiridosporus T7A (Biofilm former) were 
compared with fermentations without supports. A three- to five-fold increase in 
.lactic acid production was observed for selected biofilm fermentations. 
MATERIAL AND METHODS 
The biofilm-forming bacteria (13), and the lactic acid bacteria were 
Streptomyces uiridosporus T7A (ATCC 39115), and Lactobacillus casei (ATCC 
11443), respectively. For continuous fermentations, a 0.6% yeast extract medium 
(Difco Laboratories, Detroit, MI) medium (pH 7) in deionized water and 
Lactobacillus MRS Broth (Difco) was used for S. uiridosporus T7 A and L. casei, 
respectively. 
Polypropylene (pp) composite chips containing agricultural materials were 
prepared. Biofilm formed on the different pp-composite supports was evaluated 
gravimetrically (weight gain or loss), by clumping characteristics after drying of 
the supports at 70°C overnight, and by chip gram staining in test tubes 
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submersion at the end of continuous fermentations. All biofilm evaluations were 
compared with uninoculated supports (controls). 
For continuous lactic acid fermentation, solid supports were weighed, placed 
in 50-ml plastic syringe fitted with a silicone stopper, connected at the hypodermic 
end to a 10-liter carboy containing 4liters of corresponding medium and a 
separate airline with filter. Systems were autoclaved for 1 h. Pure and mixed 
culture fermentations were evaluated in continuous fermentations with an 
approximate 25-ml working volume. The complete system, including medium (4 
liters), was autoclaved for 60 min at 12rc. For mixed culture fermentations 
supports were heat-sterilized (dry), 0.6% yeast extract medium was added, and a 
1-ml viable culture of S. viridosporus was added, followed by at least 15 days of 
continuous fermentation at 37°C with aeration for biofilm formation. Culture 
medium was then changed to heat-sterilized MRS broth, and each reactor was 
aseptically inoculated (0.1 ml) from fresh L. casei culture tube, and incubated as a 
batch culture for 24 h at 37°C before on-set of continuous fermentation. For pure 
culture evaluations of each different support and control, lactic acid bacteria were 
inoculated into the reactors containing sterile fresh supports or a reactor 
containing no chips (control). Continuous fermentation was started, and each 
different flow rate (0.06, 0.12, 0.24, 0.48, 0.96, 1.92 m.Vmin) was held constant for 
24 h. The effluent was analyzed every 4 to 5 h for changes in pH, absorbance (620 
nm) on a Spectronic 20 spectrophotometer (Milton Roy, MA) and in lactic acid 
production and glucose consumption on a Water's high performance liquid 
chromatograph (Milford, MA) equipped with Waters Model401 refractive index 
detector. The separation of lactic acid, glucose, and other broth constituents was 
achieved on a Bio-Rad Aminex HPX-87H column (300 X 7.8 mm) (Bio-Rad 
Chemical Division, Richmond, CA) using 0.012 N H2S04 as a mobile phase at a 
flow rate of 0.8 ml/min with a 20-pl injection loop and a column temperature of 
65°C. 
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RESULTS AND DISCUSSION 
In batch fermentation in stirred- tank reactors with pH controlled to 5.0, L. 
casei has a yield of 90.8% for 138 h fermentation. In these 25-ml continuous 
fermenters, yield ranged from 45% (corn fiber-support, mixed culture) to 100% 
(Table 1). For pure culture fermentations a continuous increases in % yield 
paralleled flow rate increases for almost every pp-composite support, including 
controls (Table 1). For mixed culture fermentations, however, percent yields 
patterns were generally irregular with usually the higher values correlating with 
the faster flow rates. Biofilm former, S. viridosporus T7 A, evidently used some of 
the glucose at the early and slower flow rates of fermentation; then, this 
consumption apparently decreased at the latter and faster flow rates, which also 
produced the higher yields. 
With each doubling of flow rates, lactic acid production would increase 1.58 
to 1.88 times for pure culture and 1.77 to 2.05 times for mixed culture for each pp-
composite supports, whereas controls, the cell suspension culture, and 
polypropylene-alone (pure culture) increased by 1.5 to 1. 7 times (Table 1). 
Furthermore, productivity rates (g/1) for several pure and mixed culture 
fermentations on pp-composite supports were 2 to 3 times ~igher when compared 
With the control at the same flow rates (Table 1, bold type values). The slower 
flow· rates (0.06 and 0.12 mllmin) had productivity rates very close to the 
suspension culture control, whereas the faster flow rates (0.24 to 1.92 ml/min) 
generally has significantly higher productivity rates for both the pure and mixed 
cultur~ fermentations. Also, we can estimate the highest volumetric productivities 
for all chips as about 30 gil/h. 
Lactic acid levels were consistently higher for each pp-composite support for 
pure and mixed culture fermentations compared with both controls, particularly at 
the three fastest flow rates (Fig. 1). Furthermore, the mixed culture fermentation 
in almost every support produced substantially higher levels of product as 
compared with the corresponding pure culture fermentation. These data illustrate 
the benefits of the mixed culture or biofilm reactor for enhanced lactic acid 
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production. Moreover, the higher cell density on each of the different support by 
pure and mixed culture fermentation resulted in a net increase in lactic acid 
production. 
Higher production rates in immobilized cell cultures are the result of higher 
cell density in the bioreactor (9) as determined by clumping and gram-staining of 
each chip at harvest. Compared with the starting materials, gram-staining of 
each chip after incubation demonstrated an increased gram- positive appearance. 
These data and significant increases in lactic acid production compared with the 
suspension culture control suggest that higher cell densities did exist in each of 
different pp-composite support bioreactors. Furthermore, the benefit of the mixed 
culture fermentatio~ on cell immobilization is dramatically illustrated by the 
comparison of the pure and mixed culture fermentation on polypropylene-alone 
chips (Fig. 1). The biofilm-fonning Streptomyces was definitely acting as a natural 
immobilizer of the Lactobacillus. Pure culture interaction with different 
agricultural materials in pp-composite supports had generally low values for the 
cellulose, corn starch, and oat hulls chips, and had high values for the corn fiber 
and soy hulls chips (Table 1). Also, soy flour addition improved the retention of L. 
casei in the bioreactor as well as zein for cellulose and oat hulls. Mixed culture 
performance was consistently higher on all supports over pure culture even on 
pure polypropylene. Addition ofsoy flour to pp-composite chips generally 
enhanced the lactic acid production for the mixed culture fermentations (Table 1). 
The overall stability of each fermentation for the different supports can be 
evaluated by examining the mean values for the six different dilution rates (Table 
1). High lactic acid production, particularly at the faster flow rates; the 
correlation between flow rate doublings to production increases; and the 
comparison of each pp-composite support fermentation with the suspension 
culture's lactic acid production at the corresponding flow rate were some of the 
main criteria (Table 1, and Fig. 1). Oat hulls-zein and oat hull-soy flour chips 
meet these criteria the best for pure and mixed culture fermentations, 
respectively. 
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CONCLUSION 
Mixed culture biofilm cell immobilization was clearly demonstrated in 
preventing cell washout and improving lactic acid production. Pure culture 
interaction by L. casei with the different agricultural materials also resulted in 
cell immobilization and improved lactic acid production. Productivity obtained in 
these biofilm reactors (30 g/1/h) agrees with the another study (3) of immobilized 
cell reactors of lactic acid bacteria. Long-term studies that compare different 
immobilized cell systems such as entrapped cells (calcium alginate-immobilized 
cells) with biofilm still need to be done with pH controlled environment. If long-
term studies are successful, this type of bioreactor would have the advantages of 
increase production rates for almost any fermentation. 
ACKNOWLEDGMENTS 
This research was suppor~d by the ISU Center for Crops Utilization 
Research, by a scholarship to Ali Demirci from University of Gaziantep, Turkey, 
by the Iowa Corn Promotion Board, and by the Iowa Agriculture and Home 
Economics Experiment Station. We also acknowledge Dr. John Strohl for 
technical assi~tance in HPLC analysis. 
161 
REFERENCES 
1. Atkinson, B., and I. J. Davies. 1972. The completely mixed microbial film 
fermenter. Trans. Inst. Chern. Eng. 50:208-216. 
2. Atkinson, B., and A. J. Knights. 1975. Microbial film fermenters: Their 
present and future applications. Biotechnol. Bioeng. 17:1245-1267. 
3. Boyaval, P., and J. Goulet. 1988. Optimal conditions for production of 
lactic acid from cheese whey permeate by Ca-alginate-entrapped 
Lactobacillus helveticus. Enzyme Microb. Techno!. 10:725-728. 
4. Bryers, J. D. 1982. Process governing: Primary biofilm formation. 
Biotechnol. Bioeng. 24:2451-2476. 
5. Characklis, W. G. 1984. Biofilm development:A process Analysis. In 
Microbial Adhesion and Aggregation, ed. K.C. Marshall, pp. 137-157. 
Dahlem Konferenzen, New York. 
6. Characklis, W. G., and N. A. Solomon. 1990. Biofilms. John Willey and 
Sons, Inc. New York. 
7. Chester, S. H. 1986. An understanding of the forces in the adhesion of 
micro-organisms to surfaces. Process Biochem. 10:148-152. 
8. Crueger, W., C. Crueger. 1989. A textbook of industrial microbiology. 
Sinauer Associates, Inc. Sunderland, MA. 
9. Demain, A.L., and N. A. Solomon. 1989. Industrial Microbiology and 
biotechnology. American Society for Microbiology, Washington, D.C., 1986. 
10.. Holten, C. H., A. Muller, and D. Rehbinder. 1971. Properties and 
chemistry of lactic acid and derivatives. Verlag Chemie Gmbh, 
Weinheim!Bergstr. 
11. Kurt, M., I. J. Dunn, and J. R. Bourne. 1987. Biological denitrification of 
drinking water using autotrophic organisms with H2 in a fluidized-bed 
biofilm reactor. Biotech. Bioeng. 29:493-501. 
12. Lipinsky, E. S., and R. G. Sinclair. 1986. Is lactic acid a commodity 
chemical? Chern. Eng. Prog. August.26-32. 
13. Pometto III, A.L., and D.L. Crawford. 1986. The effects of pH on lignin 
and cellulose degradation by Streptomyces viridosporus. Appl. Environ. 
Microbial. 52:246-250. 
14. Telling, R. C., and P. J. Radlett. 1970. Large-scale cultivation of 
mammalian cells. Adv. Appl. Microbial. 13:91-116. 
15. ZoBell, C.E. 1943. The effect of solid surfaces upon bacterial activity. J. 
Bacterial., 46:39-43. 
162 
Table 1. Average values of six different flow rates on various pp-composite 
supportsa>. 
PURE CULTURE 
SUPPORTS L.A. Yld Pro Doub Comp 
Control 4.50 91.9 0.09 1.51 1.00 
Polypropylene 5.21 97.5 0.14 1.75 1.49 
Cellulose 6.87 80.3 0.16 1.58 1.70 
Cellulose-Soy Flour 8.68 80.0 0.27 1.79 2.44 
Cellulose- Zein 8.02 78.4 0.23 1.71 2.25 
Corn Fiber 9.50 88.4 0.16 1.67 1.56 
Corn Fiber-Soy Flour 9.08 73.8 0.13 1.54 1.39 
Corn Fiber-Zein 7.94 75.0 0.09 1.35 1.19 
Corn Starch 7.38 98.8 0.12 1.61 1.17 
Corn Starch-Soy Flour 9.08 73.8 0.13 1.54 1.39 
Corn Starch-Zein 8.08 80.8 0.23 1.71 2.27 
Oat Hulls 7.55 85.2 0.25 1.81 2.30 
Oat Hulls-Soy Flour 8.43 82.7 0.28 1.87 2.61 
Oat Hulls-Zein 8.53 91.0 0.27 1.86 2.58 
Soy Hulls 8.22 83.9 0.30 1.93 2.65 
Soy Hulls-Soy Flour 8.60 84.3 0.25 1.76 2.50 
Soy Hulls-Zein 7.86 89.1 0.27 1.88 2.48 
Criteria limits ~ 8.00 90.0 0.25 1.8 2.50 
_ _j 
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MIXED CULTURE 
SUPPORTS L.A. Yld Pro Doub Comp 
Polypropylene 9.21 78.7 0.23 1.63 2.47 
Cellulose 9.90 68.8 0.29 1.81 2.83 
Cellulose-Soy Flour 10.48 67.8 0.31 1.79 3.03 
Cellulose- Zein 7.09 57.7 0.20 1.77 1.96 
Corn Fiber 9.68 69.9 0.31 2.05 3.00 
Corn Fiber-Soy Flour 10.81 79.8 . 0.33 1.82 3.16 
Corn Fiber-Zein 8.71 56.3 0.19 1.68 2.44 
Corn Starch 9.27 77.3 0.30 1.91 2.74 
Corn Starch-Soy Flour 10.81 79.8 0.33 1.82 3.16 
Corn Starch-Zein 10.04 71.9 0.26 1.70 2.69 
Oat Hulls 8.89 65.2· 0.30 1.89 2.79 
Oat Hulls-Soy Flour 11.17 74.0 0.37 1.86 3.42 
Oat Hulls-Zein. 9.66 72.5 0.29 1.80 2.85 
Soy Hulls 10.99 75.6 0.35 1.85 3.32 
Soy Hulls-Soy Flour 10.45 77.1 0.29 1.79 2.96 
Soy Hulls-Zein 10.18 81.3 0.31 1.78 3.01 
Criteria limits W 10.0 80.0 0.30 1.9 3.0 
alEach value is the mean stated for the different flow rates at steady state. 
L.A. is lactic acid concentration (g/1) . 
Yld (yield) is percent conversion of glucose into lactic acid . 
Pro (productivity) is g of lactic acid produced per hour. 
Doub (Doubling ) is the increase in productivity at specific flow rate 
compared with one before. 
Comp (Comparison) is the ratio of productivity compared to the 
productivity of control at the same flow rate. 
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Abstract 
Filtered stillage from the distillation of ethanol made by yeast fermentation of hydrolyzed 
cornstarch was subjected to gas chromatography/mass spectroscopy and to high-performance liquid 
chromatography. The large majority of the chromatographic peaks were identified and quantified. 
Low molecular-weight organics in the soluble part of com stillage are lactic acid, glycerol, and ala-
nine, and then in smaller amounts ethanol and various nonnitrogenous and nitrogenous acids, poly-
hydroxy alcohols, sugars, and glucosides. 
Introduction 
The production of ethanol by yeast fermentation has again become a major industry, spurred 
by the increasing use of ethanol in automotive fuels. The major feedstocks for this are D-glucose and 
maltose from grain or tuber starch, as well as sucrose from sugar cane or beet. In either case distil-
lation of ethanol from the fermentation broth leaves a mainly aqueous bottoms fraction rich in organ-
ics, protein, and salts. This material, known variously as stillage, vinha~a, and vinasse, is produced 
in enormous amounts. In the United States, for example, the distillation of ethanol made from com 
yields roughly lOS m3fyr of stillage. 
In the United States stillage usually does not go to waste; instead most of it is concentrated 
and added to ruminant feed. The high cost of concentrating stillage coupled with its relatively low 
nutrient value suggests that it may have a more cost-effective use as a source of high-value organic 
materials. However, previous studies of stillage composition, ·both from corn and from sugar cane, 
have not yielded detailed information on the identities and relative amounts of low molecular-weight 
organic components in stillage. This study was therefore conducted to close that gap, specifically 
with corn stillage. Highly sensitive gas chromatographic (GC) methods coupled with mass spec-
troscopy (MS), along with high-performance liquid chromatography (HPLC), were used for iden-
tification and analysis. 
Materials and Methods 
Stillage Preparation 
Bulk stillage, the distillation bottoms after the production by yeast fermentation of ethanol 
from hydrolyzed cornstarch and corn steep liquor, was obtained from Archer-Daniels-Midland, Ced-
ar Rapids, lA. It was centrifuged at lO,OOOg for 30 min to remove solids. The supernatant was 
filtered twice through 0.22-J.l.m cutoff fllters to yield a clear yellow liquid, which was concentrated 
approximately 14-fold to a syrup with a rotary vacuum evaporator. Some concentrated samples re-
quired resolubilization by addition of twice their volume of deionized water, but this led to no change 
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in their chromatographic properties. 
Derivatization Reactions 
Stillage samples were derivatized to form volatile trimethylsilyl derivatives with hexamethyl-
disilazane (HMDS) purchased from Pierce. With concentrated samples, approximately 20 mg syrup 
was added to a reaction vial, followed by 500 JlL pyridine, 450 J.1L HMDS, and 50 JlL trifluoroacetic 
acid (TFA) used as a catalyst. This mixture was heated to 70°C for 30 to 60 min with periodic shak-
ing. With resolubilized stillage, 20 JlL sample, 480 JlL pyridine, 450 J.LL HMDS, and 50 J.1L TFA 
formed the reaction mixture. Standards of 0.3-0.7 mg obtained from Sigma, Fisher, or Aldrich and 
used to identify chromatographic peaks were derivatized with 500 J.1L of pyridine, 450 J.LL HMDS, 
and 50 J.1L TF A. 
Gas Chromatography 
Samples were analyzed with a Perkin-Elmer Model Sigma 1 gas chromatograph using a 30 m 
x 0.25 mm i. d. DB-5 fused-silica capillary column and 1m x 0.25 mm i. d. deactivated silica pre-
column (J & W Scientific). The injector and flame ionization detector were held at 270°C, the split 
ratio was 1:100, and the He flow rate was 80 ml.Jmin. Sample sizes were 1-4 J.LL. Because it was 
not possible to separate all the components with one column temperature program, two different ones 
were used. In the first, the temperature was held at 50°C for 10 min, followed by a 2.5°C/min grad-
ient to, 1500C, which was maintained for 10 min, and a rapid increase to 250°C, held for 15 min to 
clear the column. In the second program, the temperature was 150°C for 10 min," followed by a 2.5° 
C/min gradient to 250°C, which was maintained for 10 min. The ftrst program separated compon-
ents containing three to ftve carbon atoms, while the second was used for the separation of compon-
ents containing ftve to twelve carbon atoms. 
Mass Spectroscopy 
Both electron ionization (EI) and chemical (ammonia) ionization (CI) MS were performed on 
stillage samples with a Finnigan 4000 mass spectrometer coupled to a capillary gas chromatograph 
containing a DB-5 column and following the same temperature programs described above. Comput-
erized libraries of mass spectra were searched to help identify fragmentation patterns. 
HPLC 
Filtered but unconcentrated stillage samples were analyzed by HPLC in order to determine 
components that were difficult to isolate by gas chromatography. A Waters Model 712 WISP auto-
injector, Model501 pump, and Model R401 differential refractometer were used with a 300 mm long 
x 7.8 mm i. d. Bio-Rad Aminex HPX-87H strong-acid cation column and Micro-Guard cation H+ 
precolumn. The column temperature was controlled at 65°C and a flow rate of0.8 mL/min aqueous 
0.012NH2S04 was maintained. Sample size was 20 Jl.L. 
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Results 
Gas Chromatography 
Figures 1 and 2 are gas chromatograms of filtered and concentrated stillage derivatized with 
HMDS, using the 50°C~ 150°C and 150°C~250°C programs, respectively. The identities of vir-
tually all peaks that have been identified have been confirmed by a three-step procedure: 1) rough 
identification by comparison of the EI mass spectrum of each peak with those stored in an on-line 
library of spectra and by analysis of the molecular weights of the fragmentation products; 2) compar-
ison of the peak's molecular weight measured by CI with that of the molecular weight of the TMS 
derivative of the suspected substance; 3) comparison of the GC retention time of the derivatized stan-
dard with that of the peak in question. The four amino acids found, alanine, valine, leucine, and 
proline, gave mixed TMS-TFA derivatives, with trimethylsilyl groups derivatizing their carboxyl 
moieties and trifluoroacetyl groups derivatizing their amino moieties. 
Table I presents the relative retention times and concentrations of the various components. 
Components in the two tables are arranged within classes in order of increasing GC retention time 
and in general in order of increasing molecular weight. Stillage samples will vary with the fermen-
tation and distillation processes used and with the composition of corn steep liquor used as fermen-
tation supplement, and therefore it should not be expected that any single sample as measured here 
will be indicative of all others. However, the identities of the major components and their relative 
magnitudes should be roughly the same frorri sample to sample. 
The major components chromatographed with the 50°C~ 150°C program are, in decreasing 
order of concentration, lactic acid, glycerol, alanine, phosphoric acid, an unknown (A), y-amino-
butyric acid, valine, two forms of 2,3-butanediol, proline, and leucine. Minor components include 
propylene glycol, arabitol, erythritol, succinic acid, another unknown (B), xylitol, and various char-
acteristic products of the derivatization process. With the 1500C~250°C program, the major com-
ponents are three glucosides of glycerol, unknown A, two forms of ethyl gluco$ide, myo-inositol, 
sorbitol, gluconic acid, and an unidentified disaccharide (not maltose). Minor components are a glu-
coside of 2,3-butanediol, arabitol, dulcitol, erythritol, both anomers of glucose, xylitol, mannitol, a 
glucosides of propylene glycol, two anomeric forms each of arabinose and ribose, either P-galactose 
or P-mannose, and a number of species of ten to twelve carbons that appear to be glucosides and 
hexose disaccharides. Erythritol, unknown A, arabinose, ribose, xylitol, and arabitol are eluted near 
the end of the chromatogram generated by the ftrst program and toward the beginning of that gener-
ated by the second one. 
Standards of ethylene glycol, 1,3-butanediol, trans-aconitic acid, fumaric acid, glyoxylic 
acid, malic acid, syringic acid, methyl malonate, ethyl malonate, aspartic acid, glutamic acid, isoleu-
cine, methyl a-galactoside, methyl p-galactoside, methyl a-glucoside, methyl P-glucoside, N-acet-
ylgalactosamine, N-acetylglucosamine, N-acetylmannosamine, threitol, fructose, xylose, cellobi-
ose, maltose, and maltitol were derivatized with HMDS and submitted to GC, but did not correspond 
to peaks that appeared when stillage was chromatographed. No MS spectra characteristic of alde-
hydes were found. · · 
Shown in Figure 3 is an HPLC trace of the unconcentrated and underivatized stillage sample. 
Maltose, maltotriose, and maltotetraose were used as standards to tentatively assign the molecular 
weights of the components in the first-eluting peaks. Stillage components with the molecular weight 
of tetrasaccharides and higher elute at the void volume, and those with molecular weights of trisacc-
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harides appear as the tailing shoulder of this peale. The next peak has the same retention time as mal-
tose and almost surely encompasses the peaks representing components of ten to twelve carbon 
atoms found by GC. Several small peaks associated with the large glucoside peaks found by GC 
precede large lactic acid and glycerol peaks and the much smaller peaks representing acetic acid, pro-
pylene glycol, propionic acid, meso-2,3-butanediol, and ethanol. 
Standards of methanol, n-propanol, isopropanol, n-butanol, isobutanol, sec-butanol, tert-
butanol, formic acid, butyric acid, isobutyric acid, and valerie acid were submitted to HPLC, but did 
not correspond to peaks obtained when stillage was chromatographed. 
Discussion 
Compared to other products of ethanolic yeast fermentations, filtered stillage contains an ex-
tensive but still relatiyely limited list of low molecular-weight organic components. With the excep-
tion of ethanol, acetic acid, and propionic acid, no volatile components remain in significant quantit-
ies, since these materials have been distilled away with the great bulk of the ethanol, and to some 
extent because the fermentation that produces industrial ethanol is a short one where many materials 
are not elaborated in concentrations high enough to be identified. Instead what remains in stillage in 
addition to ethanol, acetic acid, and propionic acid is a mixture of higher-boiling or nonvolatile 
hydroxylated, dicarboxylic, amino, and other nitrogenous acids, polyhedric alcohols, and various 
sugars, sugar alcohols, and glucosides. 
The low molecular-weight organic compounds in stillage either enter the process in the corn 
steep liquor that is used as a fermentation supplement or are made by yeast during the fermentation. 
Com steep liquor has large amounts of lactic acid, y-aminobutyric acid, choline, inositol, and free 
amino acids. The mainly anaerobic environment during the fermentation would encourage the reduc-
tion of sugars to sugar alcohols, and the formation of polyhedric alcohols, especially glycerol, is 
well known in yeast The presence of high concentrations of glucose in conjunction with significant 
amounts of ethanol, propylene glycol, glycerol, and 2,3-butanediol during the fermentation would 
lead to the formation of glucosides of each alcohol. · 
Only four amino acids, alanine, valine, leucine, and proline, are found in significant amounts 
in filtered corn stillage. Of these, proline has been reported as being very slowly absorbed from the 
fermentation medium by brewer's yeast, with alanine being absorbed after a lag and leucine and val-
ine being absorbed gradually. 
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TABLE I 
Retention Times and Concentrations of the TMS Derivatives of Soluble Components of Corn Stillage 
Relative Retention Times 
HPLCa GCb ace 
Component (50~150'C) (150~250'C) 
Nonnitrogenous acids 
Acetic acid 1.134 
Propionic acid 1.346 
Lactic acid 0.955 0.470 
Succinic acid 1.046 
UnknownB 1.215 
Gluconic acid 1.293 
Amino and other nitrogenous acids 
Alaninee 0.509 
Valinee 0.759 
I..eucinee 0.915 
y-Aminobutyric acide 1.062 
Prolinee 1.096 
Unknown A 1.625 0.378 
Alcohols 
Ethanol 1.598 
Propylene glycol 1.269 0.306 
meso-2,3-B utanediol 1'.408 0.386 
dl-2,3-Butandiol 0.409 
Glycerol 1.000 1.000 
Erythritol 1.461 0.268 
Xylitol 1.798 0.538 0.039 (0.012) 
Arabitol 1.818 0.565 
Mannitol 1.113 
Sorbitol 0.765 1.132 
Dulcitol 1.143 
myo-Inositol 1.491 
Sugars 
a.-Glucose 0.660 1.000 
~-Glucose 0.660 1.274 
Arabinose/ribose 
Disaccharides 0.567 
Trisaccharides 0.515 
Concentratiorzsd 
(mglmL) 
0.77 (0.04) 
Trace 
10.4 (3.1) 
0.070 (0.026) 
0.063 (0.019) 
0.278 (0.062) 
4.08 (1.75) 
0.587 (0.260) 
0.220 (0.060) 
0.615 (0.104) 
0.444 (0.072) 
0.661 (0.290) 
1.28 (0.22) 
0.105 (0.017) 
. 0.337 (0.072) 
0.167 (0.030) 
5.80 (1.51) 
0.079 (0.024) 
0.099 (0.034) 
0.036 (0.017) 
0.305 (0.111) 
0.082 (0.029) 
0.460 (0.206) 
0.036 (0.020) 
0.034 (0.023) 
Trace 
Tetrasaccharides and larger 0.488 
G/ucosides 
Ethyl glucoside (1) 
Ethyl glucoside (2) 
Propylene glycol glucoside 
2,3-butanediol glucoside 
Glycerol glucoside (1) 
Glycerol glucoside (2) 
Glycerol glucoside (3) 
Phosphoric acid 
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0.977 
0.828 
0.973 
1.647 
1.703 
1.951 
2.031 
2.049 
llR.e1ative to HPLC retention time of glycerol (10.54 min). 
hRelative to GC retention time ofTMS glycerol (27.75 min). 
CRelative to GC retention time ofTMS a-glucose (15.96 min). 
dStandard deviations in parentheses are based on three or four determinations. 
eMixed TMS-TFA derivative. 
0.039 (0.012) 
0.553 (0.018) 
0.034 (0.012) 
0.127 (0.034) 
0.190 (0.058) 
0.636 (0.254) 
0.357 (0.113) 
1.08 (0.48) 
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Enhancement of Protein Separation Using Genetic Engineering 
Craig E. Forney, Meng H. Heng, John R Luther, Mark Q. Niederauer and Charles E. Glatz 
Depanment of Chemical Engineering 
Iowa State University, Ames, lA 50011 
Abstract 
Our research group investigates the charge dependent behaviour of four different separation 
methods using genetically modified versions of the enzymes {3-galactosidase and glucoamylase. 
These proteins have been modified by the addition of a charged "fusion tail", which increases the net 
charge on the molecule and also provides a region of high charge density on the molecule. These 
"fusion tails" allow the proteins to be sele~tively separated from other contaminants using relatively 
inexpensive separation methods and allow us to gain insight into the charge basis of the separation 
methods without the modification of electrolyte species in solution. 
Introduction 
The advent of recombinant DNA technology has allowed a great number of unique protein 
products to be synthesized. These products have been used primarily in the pharmaceutical industry, 
examples being human insulin, tissue plasminogen activator, and human growth hormone. One 
factor that limits the cons.umer price of recombinant DNA products is the cost of purification. 
Often up to one half the price of these products can be attributed to purification. We seek to 
investigate several different separation methods using genetically engineered enzymes with the hope 
of improving the selectivity of the processes. The separation methods that we are researching are 
polyelectrolyte precipitation, aqueous two-phase extraction, hollow fiber ion-exchange membrane 
treatment and reverse micellar extraction. 
Genetically Modified Enz~ 
We use two different enzymes for our research: J3-galactosidase from Eschericia coli and 
glucoamylase from Aspergillus awamori (expressed in the yeast Saccharomyces cerevisiae). The J3-
galactosidase mutants have fusions of charged poly( amino acids) at the carboxyl termini of the 
protein. The mutations range from the addition of 15 arginine residues to 16 aspanate residues. 
Nomenclature for these mutations is written as BG.xy#, where xis the location of the fusion (either C 
for carboxyl terminus or N for amino terminus), y stands for the type of amino acid added (D for 
aspanic acid orR for arginine), and #represents the number of additional residues added. 
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The glucoamylase mutants have fusions of poly(aspartic acids) on both the amino and 
carboxyl termini. The maximum number of additional charged residues is 10: GACD 10, GAND 10, 
and GAND5CD5. The nomenclature is the same as above, with GA standing for glucoamylase. 
Both the J3-galactosidase and glucoamylase mutants have been characterized by a number of 
different means. The J3-galactosidase mutants have been characterized by native polyacrylamide gel 
electrophoresis (PAGE), iso-electric focusing, and ion exchange and size exclusion gel 
chromatography. The glucoamylase mutants have not been as well characterized, but have been 
subjected to native PAGE and iso-electric focusing, along with partial amino acid sequencing of the 
GAND series. 
Myelectrolyte Precipitation 
Polyele<:trolytes, such as poly(ethylene imine) (PEl) or poly(acrylic acid) (PAA), are simply 
polymers which contain ionizable side groups. Selective separation is achieved as these charged 
groups form ionic bonds with the targeted protein to form an insoluble complex. A model of the 
. ionic associations formed between PEl and a polypeptide of 10 as panic acid residues is depicted in 
Figure I. The poly(aspartic acid) molecule contains negatively charged carboxyl groups (with oxygen 
as large white spheres), and the PEl contains positively charged imino groups (with nitrogen as small 
dark spheres). These polyelectrolyte/protein complexes rapidly combine to form a solid phase in the 
form of sumicron primary particles. Large aggregates formed by shear driven collisions of primary 
panicles and/or small aggregates can be separated form the crude protein solution by centrifugation 
or ultrafiltration. For our genetically modified enzymes, results have shown that the precipitation 
yield can be increased by the fusion tails, as is shown in Figure 2. 
Aqueous Two-Phase Extraction 
ATP separation is a form ofliquid-liquid extraction in which both phases consist mainly of 
water, providing a suitable environment for biological molecules. Phase separation results from the 
presence of two incompatible poymers, or a polymer and a salt, which concentrate in opposite 
phases. The partitioning of a protein is controlled through a combination of effects, such as 
hydrophobic, ionic, affinity, or size (Figure 3). The two phase system can be tailored to take 
advantage of the propenies specific to the protein of interest. A poly( ethylene glycol) (PEG)/dextran 
(Dex) phase system incorporating positively-charge diethylaminoethyl-dextran (DEAE-Dex) is used 
to take advantage of the charged J3-galactosidase fusions, for which partitioning varied over an order-
of-magnitude (Figure 4). 
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Hollow Fiber Ion Exchange Membrane 
Protein mixtures may be fractionated by ion-exchange using HFIEM as a result of the 
unique electrostatic interaction of each protein component with the ion-exchange sorbent. The 
combination of a microporous membrane in a hollow fiber geometry, the uniformity of the 
structure, and the accessibility of the functionalized surface allow for rapid binding kinetics. As the 
protein crosses the hollow fiber walls, where the ion-exchange groups are attached, it becomes 
bound to the surface (Figure 5). The bound proteins can be fractionated according to its strength of 
interaction with the ion-exchange groups using step gradient elution (Figure 6). 
Reverse Micellar Extraction 
Proteins may be extracted into a non-polar phase using solutions of certain surfactants. The 
system consisting of trioctyl methyl ammonium chloride (TO MAC) and nonylphenyl 
pentaethoxylate (Rewopal HV5) as surfactants with 1-octanol as a co-surfactant in isooctane form so 
called "reverse micelles" in which the polar head groups of the surfactants surround a water pool 
containing various electrolytes. Proteins such as glucoamylase can be solubilized inside of these 
water pools, as shown in Figure 7. The proteins can be recovered to an aqueous phase through a 
"salting-out" effect, and the protein's activity may be assayed there. Results showing the effect of 
the protein net charge on separation behaviour is shown in Figure 8. 
Figure 1: Model of PEl Binding to Poly(Aspanic Acid) 
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Modeling contaminant Transport, Biodegradation and 
ABSTRACT 
Uptake by Plants in the Rhizosphere 
J.F. Shimp, J.C. Tracy, E. Lee, 
L.C. Davis, and L.E. Erickson 
Kansas State University 
Manhattan, KS 66506 
Researchers have modeled various aspects of contaminant transport 
in the environment. Existing models include movement of 
contaminant chemicals in the soil and groundwater and the uptake of 
these contaminants through the roots into the plant where they are 
transformed, immobilized or transpired. Recent research has 
documented the role of the rhizosphere in the microbial degradation 
of contaminants. This paper presents an integrated model that 
incorporates microbial degradation with existing models of 
contaminant transport in the soil and plants. 
INTRODUCTION 
A common concept is that p:)..ants are passive. For example, · 
gardeners go to the nursery and decide which plants to purchase and 
where to place the shrubs and trees within the landscape. Since 
the plants have no choice in this decision-making, they are often 
thought of being passive, while the gardener is considered the 
active agent. However an investigation of plant physiology shows 
that immobile does not mean passive. For example plants have 
complex mechanisms to translocate water and solutes. They respond 
to changes in the weather and the seasons. _Plants can change their 
environment. For example, some plants can transport oxygen to the 
root zone, and all plants can alter their evapotranspiration rate 
as soil moisture decreases. 
This paper will discuss the active role of the rhizosphere, 
followed by modeling the degradation of low levels of organic 
contaminants in the rhizosphere. 
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MICROBIAL ACTION OF THE RHIZOSPHERE 
When planted in bare soil, plant roots change the below ground 
environment. The rhizosphere, the zone immediately around the 
roots, supports an enhanced microbe population. Figure 1 shows the 
relative microbial population of bacteria, fungi, and 
streptomycetes as a function of distance from the root surface for 
lupin seedlings. This increased population occurs because of the 
nutrients which the microorganisms obtain from the plants. The 
lack of any or a combination of carbon, nitrogen, oxygen, or trace 
nutrients such as phosphorous can limit. microbe growth and the 
resulting contaminant degradation. A favorable environment is 
created by the roots which can supply the limiting component. In 
this paper we will assume that microbial growth is oxygen and 
carbon limited. If microbe growth is oxygen limited, which can 
easily occur in deeper soils, plants that have an internal oxygen 
transport pathway can be selected. In general, wetland plants have 
this adaptation. Examples of wetland trees are bald cypress, 
eastern cottonwood and willow. 
Plants also provide a carbon feed in the form of decaying root 
hairs and root exudates. Microbes are opportunistic; they are not 
particular whether the carbon is provided by carbohydrates or 
petroleum hydrocarbons. At contaminant concentrations below 
toxicity limits, many microbes are able to degrade a wide variety 
of compounds. With the larger microbial population in the 
rhizo.sphere it might be expected that increased degradation occurs 
in vegetated soil when compared to nonvegetated soil. Table 1 
shows that this is the case. Much of the earlier research was on 
pesticides and herbicides due to the interest in how long the 
chemical persists in the environment. Later studies examined the 
degradation of organic chemicals such as polycyclic· aromatic 
hydrocarbons and trichloroethylene. 
While much more research needs to be done to determine optimum 
plant and microbe species, and maximum toxicity levels, modelling 
of degradation processes can begin. Then we can answer questions 
like "For a given contaminated area, how long will it take for 
vegetation to remediate the site?" Or, "How much contaminant will 
move .offsite ~efore the rhizosphere is able to effect complete 
degradation?" 
MODELING BELOW GROUND DEGRADATION 
The models to be presented have assumptions based on the following 
understanding of the physical, chemical and organic processes. 
First, the soil matrix is composed of soil particles and void · 
spaces. The void spaces can be occupied by water andjor a gas 
phase. The groundwater is 100% water saturated, while the 
unsaturated zone contains both water and gas. The two phases are 
related by the following equation. 
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(1) 
is the volume fraction occupied by the gas phase, 8 is the aqueous 
phase volume fraction, and n is the porosity of the soil. 
Contaminant movement in the vertical direction can be by 
percolation of water from rainfall or from surface water moving 
downward through the unsaturated zone to the groundwater. 
Evapotranspiration is the driving force for upward movement of 
water and contaminant. For both vertical and horizontal movement, 
terms are needed for convective transport and dispersion. The 
dispersion term accounts for both diffusion and the mixing that 
occurs as the fluid moves around soil particles. I n t h e s e 
equations the tortuosity is included in the dispersion 
coefficients. 
Another consideration is the role of the tree in removing water and 
contaminant from the soil ~here it is either immobilized, degraded 
within the plant and/or transpired to the atmosphere. The uptake 
term not only includes a volumetric water flow rate, but also a 
transpiration stream concentration factor, TscF' as some chemicals 
are freely taken up with the water while others are excluded at the 
roots. 
The contaminant concentration will be described by four terms. 
There is a contaminant concentration in the water phase. If the 
chemical is volatile, there will be a contaminant concentration in 
the gas phase. Adsorption is a factor because the contaminant can 
adsorb to the root surface and to the soil particles. 
The description of the microbe concentration is similar to that for 
the contaminant concentration; however, there are only three terms, 
the concentration in the water phase, and adsorption to the soil 
and root surfaces. Because microbial growth and degradation are 
assumed to be limited by a lack of carbon and oxygen, Monod 
kinetics will be used. 
The rate of microbial growth is given by 
(2) 
while the rate of contaminant consumption is 
rs = - ~m (6+Rcf?b+pKb) Cb [ ( C ) ( Co )] 
Ys Krs+C+Cr Ko+Co 
(3) 
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where the contaminant c, and the root exudates, Cr, are sources of 
carbon and energy for aerobic growth. Microorganisms in the 
aqueous phases and those adsorbed to roots and soil particles are 
assumed to grow at the same rate. 
In order to model microbial degradation in the rhizosphere, mass 
balances have been developed for the contaminant, microbial 
biomass, root exudates, and dissolved oxygen. 
The contaminant balance contains the followinq terms: 
Change in contaminant concentration 
= _E_[e (D ac +D ac)+~(D ac +D ac)-v cj az :1CC az :u az H A ax A az % 
Contaminant transport in the horizontal direction 
Contaminant transport in the vertical direction 
Contaminant uptake by the plants 
J.L •(8+R _p + K, )C~ C ( Co )] 
- Y tr•b p b (K +C+C ) K +C 
S r• r o o 
Contaminant degradation 
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The contaminant balance is: 
+_2_[6 (D oc +D oc)+~(v oc +D oc)-v c] oz zx ox zz oz H A ox A oz z (9) 
qT C J.l. m (6 + R P + p K ) c{ C ( C 0 )] 
- SCF - y d"b b ( K + C+ c ) K + c 
s rs r o o 
The balance for the microbial biomass is: 
(10) 
+JJ. J6+R~b+pKb)c{( Kr~:~:cJ( K0~0cJ] 
-kct(6+R~b+pKb) Cb 
The balance for the root exudates is: 
(11) 
~-~ ---- - ~----
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The balance for dissolved oxygen is: 
a ·r {a aA)]· a[a( aco aco) aA( aco aco) ] 
- C +- = - D --+D- +- D --+D -- -V C at H ax 0 ax 0 az H Ao ax Ao az X 0 0 0 
(12) 
The convective flow, v, and water uptake flow term, q, are obtained 
using models developed previously l~JA~. 
The variables are defined as follows. 
c = 
cb = 
cr = 
_co = 
cor = 
H, H0 , 
organic contaminants 
biomass concentration 
root exudate concentration 
oxygen concentration 
oxygen concentration of gas transported by plant to the soil 
Hr = Henry's law constant for organic contaminant, oxygen, 
root exudates 
Krs' K0 = saturation constants associated with organic substrates, 
dissolved oxygen 
q = volumetric water uptake by plant 
qr = volumetric rate of secretion of fluid from the roots 
q0 = volumetric rate of gas transport from plants to soil 
Rd = root density 
Rb, Kb, = equilibrium parameters for microbe adsorption to root, 
soil surface 
ReF' TscF = root, transpiration stream concentration factors 
Y8 = yield coefficient for microbial growth on organic contaminant 
~m = maximum specific growth rate 
p = soil density 
8 = Soil-water content 
APPLICATIONS 
Three applications of vegetative systems have been identified. 
1) The roots of trees and plants can intercept and degrade landfill 
leachate. 
2) Nitrates and other agricultural chemicals can be intercepted as 
they move from fields or feedlots. 
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3) Direct planting on a contaminated site. This would be 
appropriate where the contaminant is relatively immobile such as a 
petroleum spill. 
CONCLUSIONS 
A general model has been developed to describe contaminant 
transport, uptake into plants, and biodegradation. Mass balances 
for the contaminant, microbial biomass, root exudates, and oxygen 
have been presented. The model is applicable to both saturated and 
unsaturated rhizosphere environments. 
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TABLE 1. STUDIES INDICATING ENHANCED 
DEGRADATION IN THE RHIZOSPHERE 
COMPOUND PLANT RESEARCHER 
PARATHION, DIAZINON BUSH BEAN HSU and BARTHA 
(Phaseolus vulgaris) (1979) 6 
PARATHION RICE REDDY and 
SETHUNATHAN 
(1983) 7 
2,4-D SUGARCANE SANDMANN and LOOS 
(Saccharum officinarum) (1984) 8 
MECOPROP WHEAT LAPPIN, GREAVES, and 
(CV. Maris Dove) SLATER (1985) 9 
POLYCYCLIC PRAIRIE GRASSES APRILL and SIMS 
AROMATIC (1990) 10 
HYDROCARBONS (PAHs) 
TRICHLOROETHYLENE NATURALLY OCCURING WALTON and 
VEGETATION ANDERSON (1990) 11 
AGRICULTURAL POPLAR LICHT (1990) .12 
RUNOFF (Populus spp.) 
(NITROGEN) 
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FIGURE 1. Microbial Colonies per Gram 
of Oven Dried Soil for Lupin Seedlings (Data from Klein et al. 13) 
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MODELING OF DISPERSIVE-CONVECTIVE CHARACTERISTICS 
IN BIOREMEDIATION OF CONfAMINATED SOIL 
Xiaoqing Yang, L.E. Erickson, and L.T. Fan 
Department of Chemical Engineering 
Kansas State University, Manhattan, KS 66506 
ABSTRACT 
The dispersive-convective transport of organic chemicals in soils plays an 
important role in the cleanup action. This paper presents a hydrochemical model 
consisting of coupled differential equations for describing the contaminant fate, 
oxygen consumption and microbial growth. Oxygen is considered to be the 
growth limiting factor, and non-equilibrium adsorption-desorption of contaminant 
is assumed between phases. As the hydraulic conductivity varies from that of silt 
to that of homogeneous clay, the pattern of bioremediation changes significantly. 
The simulated overall depletion of the contaminant reveals that the higher the 
velocity of the groundwater flow, the faster the decrease in the contaminant 
concentration. At low permeability such as the one encountered in groundwater 
flow through clay, an anaerobic zone may be generated, thereby reducing the 
biotransformation rate and prolonging the remediation time. 
INTRODUCTION 
Biological remediation of soils contaminated with organic chemicals is an innovative 
treatment technology that can often meet the goal of achieving a permanent clean-up remedy 
with minimal environmental impact. Appreciation of the rate of contaminant attenuation in soil 
is necessary for successful design. A number of investigators have developed models or 
completed experiments which provide insight into the rate limiting processes (see, e.g., Hutzler 
et al., 1986; Baveye and Valocchi, 1989; Wu et al., 1990; Dhawan et al., 1991). 
· Numerous aquifers contain layers of silt and clay in which transport by diffusion is 
appreciable. The fine soil particles form aggregates within which a very slow or no convective 
flow occurs. The rate of bioremediation within the aggregates often determines the time required 
to restore the site. 
The objective of the present work is to present a mathematical model accounting for 
microbial growth and biodegradation in the regions of the aquifer with low hydraulic 
conductivity. The adsorption-desorption and depletion of the contaminant or substrate are 
simulated numerically to analyze the biochemical processes under conditions where groundwater 
flow is extremely slow and transport by convection and dispersion have the same order of 
magnitude. 
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MODEL DEVELOPMENT 
The problem is that of transport and biodegradation in a subsurface layer of soils with 
very slow flow within the layer and dominant bypass flow around it. The clayey region under 
consideration, which has much lower permeability th~ the surrounding region, is illustrated in 
Figure 1. The model describing the contaminant fate, oxygen consumption, and microbial growth 
is derived based on the following assumptions and considerations. 
1. The governing equations are derived on the basis of continuous media, i.e., the microscopic 
movement and reaction in pores may be averaged over a sufficiently large volume of the medium 
to obtain a macroscopic description of the state variables; 
2. The region of interest is saturated, homogeneous and isotropic; 
3. A one-dimensional flow governed by Darcy's law prevails; 
4. The concentration of microorganisms or biomass attached to the soil surface and that in the 
suspension are related through a partition coefficient; 
5. The reaction rate follows the Monod kinetic model and depends only on the concentrations 
of the three components, oxygen, biomass, and substrate (contaminant); and 
6. The concentration driving force governs the net rate of transport of the contaminant from the 
solid surface into the liquid phase. 
The final physicochemical governing equations are: 
a(RbCb)=_£_(Eacb)_a(uCb)+ C( Cs )( Co) k 
a a J.L klb b - _klbcb t X ax ax nr• K +C K +C ct .. s s 0 0 
P aqs =-ak ( qs -c ) at s K s ds 
where Cb is the biomass concentration; C0 , the oxygen concentration; C8 , the substrate 
concentration in the liquid phase; q8 , the substrate concentration in the solid particles. The 
boundary conditions derived from the continuity of concentration profiles and that of mass flux 
~~-~------ -----
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are as follows: 
where C/ is the concentration of the i-th species outside the low permeability region. These 
coupled equations have been numerically solved by a finite difference algorithm(see, e.g., Smith, 
1985). 
RESULTS AND DISCUSSION 
The values of the parameters for the simulation are listed in Table 1. 
Table 1. Values of parameters for numerical simulation 
Parameters Values 
a, _interfacial area of soil 103cm2/cm3 
Cbo, initial concentration of biomass 2.0 X 10-8g/cm3 
cOs' air-water saturated concentration 8.0 x 10-6g/cm3 
* cso' 
of oxygen 
2.5 X 10-6g/cm3 concentration of substrate in liquid 
in equilibrium with q80 _ 
2 X 10-5cm2/s E, dispersion coefficient 
kd, decay rate constant 1.0 X 10-6/s 
kg, mass transfer coefficient of substrate 2 X 10-8cm/s 
Ks, saturation constant of substrate 7.5 x 10-6g/cm3 
Ko, saturation constant of oxygen 4.0x10-7g/cm3 
Kdb' partition coefficient of biomass 9.3cm3/g 
KdS' partition coefficient of substrate 15cm
3/g 
L, soil bed depth 20cm 
qSO' initial substrate cone. in solids 3. 75 x w-5g!g 
u, mean pore water velocity 1.0 x 104 cm/s 
1.0 X 10-5cm/s 
1.0 X 10-6cm/s 
Yo, yield factor of oxygen l.Og/g 
Ys, yield factor of substrate 0.5g/g 
Jlm, maximum specific growth rate 6xlo-5/s 
e, soil void fraction 0.3 
p, soil particle density 1.58g/cm3 
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The subsurface flow velocity changes from 1.0 x 104 cm/s to 1.0 x 10-6cm/s corresponding to the 
soil properties varying from silt to clay for a water pressure drop caused by the natural altitude 
difference of the bed. The dimensionless time, bed depth, and concentrations are defined by: 
B= tu 
L 
X X=-
L 
where Ch * is the maximum producible concentration of biomass from the initial substrate deposit 
in the bed. 
Figures 2 through 5 describe the variation of concentration profiles in the soil as a 
function of time and position for the Peclet number of 100 and the velocity of LOX 1o-4cm/s. 
The transport ~rocesses are slow compared to the reaction rates, since the dispersion Damkholer 
number, ~mL /E, representing the ratio of the maximum depletion rate to the maximum 
dispersion rate, is 1200, and the convection Damkholer number, ~mL/u, representing the ratio 
of the maximum depletion rate to the maximum convection rate, is 12; both are much larger than . 
1. The supply of oxygen by means of convection and dispersion is sufficiently rapid so that no 
anaerobic condition is generated. 
In Figures 6 through 8, the hydraulic conductivity is lower and the groundwater flow 
velocity is equal to 1.0 x w-5cmls. The spatial dimensionless concentration distributions change 
drastically.. Although the dispersion Damkholer number, ~mL2/E, remains unchanged, the 
convection Damkholer number, 1-'mL/u, is now 120, which means that the rate of convection is 
very low relative to the rates of reactions. An anaerobic zone is observed in the middle of the 
bed. Two peaks of the biomass concentration occur at the two ends where oxygen supply is 
sufficient. As degradation proceeds, the anaerobic zone becomes progressively smaller and 
eventually disappears along with the depletion of substrate (Figure 8). 
--- ~~-- --
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When the hydraulic conductivity is further reduced, such as the case in a homogeneous 
clay layer, and the Peclet number approaches one, the dispersive and convective term have the 
same order of m~nitude in the governing equations. The simulation result is shown in Figure 
9 for u=l.OxlO cm/s and Pe=l. The profiles are quite symmetric spatially, which indicates 
that the dispersion is significant for the process. An anaerobic zone is present, and the 
desorption of the substrate from the soil particles is maintained near equilibrium. 
CONCLUSIONS 
A hydrochemical model comprising a set of coupled partial differential equations has been 
presented for the bioremediation of subsurface zones where groundwater flow is relatively slow 
and the extent of convection and that of dispersion are of the same order of magnitude. The 
results of simulation indicate that the velocity of groundwater flow affects significantly the rate 
of contaminant depletion; the higher the velocity, the greater the availability of oxygen and the 
faster the substrate consumption. When the velocity is low, an anaerobic zone is generated, 
thereby rendering the biodegradation rate oxygen limited and, in turn, prolonging the 
remediation time. . 
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FOULING OF MEMBRANES 
Jan Johansson and Rakesh Bajpai 
Department of Chemical Engineering W2028 Engineering Building East 
University of Missouri Columbia, MO 65211 
Summary 
A low interaction between the membrane material and the components in solution is essential 
for a high flux across the membrane. Ideally, the goal is to remove any interactions that will 
result in a reduction of the flux (I). In this paper, some of the common interactions are 
discussed and the different methods to prevent fouling are summarized. 
Introduction 
In the past two decades, membrane technology has made many major advances. As a result, 
the membranes are playing an increasingly important role in separations of gases, and in 
purification of chemical and biological streams. They are poised to play a key role in food 
industry, waste treatment, and environmental clean up, provided some of the limitations of 
selectivity, cost, and life of membranes can be alleviated (2). 
Fouling of the membranes and the resulting drop in fluxes ~tcross the membranes are major 
obstacles in economic utilization of this technology for a number of applications. 
Fouling is a complex phenomenon which involves interactions between solutes present in the 
solution on the one hand, and either the membrane materials or the solutes themselves. 
Solute-membrane interactions include adsorption, pore blocking, and convective deposition. 
Concentration polarization occurs whei1 the rate of convective transport of an 
impermeable solute to the membrane surface is greater than the rate of back-diffusion of the 
solute from the membrane surface to the bulk of tluid. Concentration polarization can be 
minimized using hydrodynamic considerations. It is largely a reversible process (2). D1:1e to 
its reversible nature, several authors sep<mtte the phenomen of concentration polarization 
from fouling which is then defined as basically the irreversible decline in flux. However, if 
the concentration of solute at the surface increase beyond the solubility of the solute, 
------------ ~----~--- ~ 
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precipitation and/or gel layer fonnation may occur (3). Fom1ation of such deposits on the 
membrane make the process of cleaning very difficult and may even cause an irreversible 
drop of flux across the membrane. When the loss in flux due to gel fom1ation is countered 
with an increase in the transmembrane pressure drop, compaction of the gel layer will cause 
an even further reduction in flux across membrane. 
Adsorption of macromolecules and/or particulates on the surfaces of the membrane 
depends upon the physicochemical nature of the material of the membrane and upon the 
nature of the adsorbate. It is an essential step in the process of fouling and is a major cause 
of the observed flux decline (4). When macromolecules with sizes much smaller than the 
membrane pore size are present in the system, these are adsorbed within the pores and cause 
irreversible fouling of the membrane (5). 
Fastest fouling of the membrane is observed when the diameter of the solute is comparable to 
that of the pores. In such a case, pore blocking takes place as the particles are intercepted 
at the pore mouth. When the particle size is larger than the pore diameter, the solute can 
adsorb only on the surface of the membrane. This phenomen, also known as convective 
deposition, results clue to the action of penneate flow that tends to bring the particle to the 
membrane surface so that adsorption can occur and the action of tangential flow that tends to 
scour the particle away to the bulk again (5,6). In general, the choice of appropriate 
membrane material and its pore size is the best way to minimize the adsorptive fouling of the 
membrane. 
Solute-solute interactions (7) can effect the flux both positively as well as negatively. If 
the conditions of filtration change so as to create colloids with size smaller than the pore size 
of membrane, the solute-solute interactions will cause an increase in fouling. On the other 
hand, solute-solute interactions can be effectively use to reduce the rate of flux decline (5) 
and even increase pern1selectivity (2). At high protein concentrations, self association of the 
molecules could lead to denaturation which has been related to irreversible long term flux 
decline (3). A mixture of oppositely charged proteins shows an increase in the resistance of 
the fouling layer, while the opposite occurs when all the molecules have the same charge (7). 
The charges influence more than the packing of the solutes. 
Mechanisms of fouling 
The common forces involved in membrane fouling are: 
1. Electrostatic Forces 
2. Hydrophobic Interactions 
3. Hydrogen Bonding 
4. Dispersion Forces 
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Electrostatic forces exist between charged sites on the membrane su1t'ace and charged 
groups on the protein molecules. Similar charges lead to repulsion, and opposite charges 
result in attraction. The repulsive force can be enhanced by modifying the dielectric constant 
of the medium. These interactions can occur even between originally neutral surfaces when 
electrons are transferred between them upon contact (8). The electrostatic interaction may be 
modulated by association with small ions from the surrounding electrolyte solution. 
A negatively charged site Ofl the membrane suit·ace can fo1m an electrostatic bond with the 
positively charged side chain of a lysine or an arginine residue. The imidazole group of a 
histidine residue and the tem1inal amino group also have the potential to bind with negatively 
charged membrane sites. A positively charged site on a membrane could, on the other hand, 
interact with the negatively charged carboxyl groups of aspartate and glutamate residues as 
well with the terminal group of the polypeptide chain (9). 
Hydrophobic interactions are a result of the fact that water molecules near nonpolar 
groups are more orded (low entropy) than those near polar groups or in pure water. Hence, 
when two nonpolar groups come near each other, their association disrupts the orded 
structure of water molecules and entropy increases. The associations or bonds thus formed 
are thermodynamically stable. The intluence of a third substance upon the interaction 
between a foulant and a membrane can be predicted if the free standard energy of adsorption 
of foulant on membrane, that of the substance on membrane, of the interaction between the 
foulant and the substance are known. The higher the free energy of adsorption of the 
substance on the membrane or on the foulant and the higher the concentration, the greater is 
the effect of the third substance (8). This characteristics can be used in decreasing the 
interactions between the foulant and the membrane. 
Hydrogen bonding are formed between a Lewis base (electron donor) and a Lewis acid 
(electron acceptor). The donor is generally an oxygen or nitrogen atom that has a covalently 
attached hydrogen atom. The acceptor is generally oxygen or nitrogen. In proteins, the side 
chains of tryptophan and arginine can only serve as electron donors. On the other hand, the 
side chains of asparagine, glutamine, and threonine can serve as donors as well as acceptor. 
The hydrogen-bonding capabilities of lysine (and the tem1inal amino group), aspartic and 
glutamic acids (and the tem1inal carboxyl group), tyrosine and histidine vary with pH. 
The bond energy is smaller than covalent bonds but somewhat higher than those of 
hydrophobic bonds. Total removal of hydrogen-bonding groups from the surface of a 
membrane would lead to a hydrophobic surfa<.:e, and thus to an increase in hydrophobic 
interactions. On the other hand a completely hydrophilic surface would fonn a significant 
amount of hydrogen bonds with proteinous surfaces ( 1 ). A compromise between a 
hydrophilic and a non H-binding suit:aces need to be sought. 
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Dispersive and Van der Waals forces arc exerted between any two particles or 
molecules when they are 3 to 4 A apart. The bond energy is rather. small and, therefore, any 
significant influence of these sourses is observed only when the foulant and the membrane 
sites are sterically complimentary. 
Flux Improvement 
The task of improving the membrane flux can be divided into the following four methods 
(1'0): 
1. Equipment related methods 
2. Solution related methods 
3. Membrane related methods 
4. Additional methods 
1. Eguipment related methods: 
Unstirred dead end tiltration is always less favorable for the flux than the stirred dead end 
filtration or cross-flow tiltration which reduce the development of concentration polarization 
or deposition of cake on the membrane. To improve the flux even more, a coaxial membrane 
system in which the impen11eable outer ~ylinder is rotated around its axis to create Taylor 
vortices has been developed (11 ). The Taylor vortices continuously sweep the membrane 
surface. An advantage of this system is that the cross membrane pressure and the surface 
sweep rate (rotation rate) can be varied independently, compered to the classical cross-flow 
system where the two are somewhat interdependent. The cost of such a system, however, is 
rather high . 
.Other methods to improve the tiltration rates includes use of electrical and ultrasonic force fields to 
minimize concentration polarization and/or cake deposition. 
2. Solution related methods: 
pH of the solution is commonly a variable whose manipulation results in significant changes 
in filtration rates. At isoelectric pH, the net change on the solute is zero and coagulation of 
solutes is observed. If the phenomenon of adsorption in the pores and pore blocking are 
critical to membrane fouling and if coagulation results in particle sizes that are greater than 5 
Jlm, alteration of pH to isoelectric point may be desirable. On the other hand, if coagulation 
does not occur, setting the pH to isoelectric point may increase fouling since the solute 
molecules that are nom1ally electrostatically repelled, may now easily adsorb on the 
membrane surface. 
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Addition of a polyelectrolyte to the solution to convert a part of the pohuizing macromolecules 
to flux-enhancing particulates, can also reduce the penetration of the foulant into the pores (5). 
Presence of suspended particulates can enhance the flux additionally by disturbing the 
polarized layer and by sweeping away the deposited solutes ( 13). 
Another solution-related method is to increase the ionic strength in the medium. High ionic 
strength increases repulsion by increasing the electric charge of the protein molecules (14). 
On the other hand, contradictory results have been produced by addition of sodium chloride 
to a starch solution, resulting in a reduction in flux across the membr~ine (13). 
Detergents have also been used for flux enhancement (13). Care though has to be taken so 
that the detergent molecules do not negatively interact with the membrane and cause a flux 
decline. In other words, the type of the detergc.:nt has to be chosen carefully depending upon 
the nature of membrane and of the protein molecules in solution. 
3. Membrane related methods: 
Uniform pore size is important for pennselectivity (15). It also decreases poreblocking that 
may act as initiator for convective deposition. 
A rough membrane sUiface can increase mass transfer between the membrane and the bulk 
solution. This has been used to explain the phenomenon of negative fouling, i.e. a small 
amount of deposit creates a rough surface that initially increases the flux. This principle has 
been used to develop corrugated membranes ( 16). In situ removal of the adsorbed protein 
layer is also possible by immobilization of a hydrolytic enzyme on the membrane surface 
(17). 
Pretreatment of the membrane surface to increase its hydrophilicity makes it less prone to 
fouling (4 ). Attachment of spacer groups also reduces fouling ( 18). 
4. Additional methods: 
Classical methods involve the techniques of backtlushing, pulsatile flow, and flushing. 
Prefiltration of a solution to remove foulant has also been practiced. Non-convential methods 
involve use of a spherical hydrogel membrane around an absorbant that acts as a protective 
nonfoulant barrier ( 19). 
Another method is the use of membranes from cell culture. The membranes are taken out of 
their natural environment and adapted for other purposes (20). The fouling is overcome by 
a high turnover rate of the cells that make up the membrane. 
206 
Present and Future work 
A pressurized membrane cell has been constructed where the fouling characteristics of 
different membranes can be investigated (see below). 
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Surface modifications of membranes with a low temperature plasma show a possibility of 
obtaining membranes with tailored surface characteristics which are resistant to specific 
foulants. Hydrophilic modification reduces the fouling with enhanced flux in aqueous 
systems (21 ). Surface ionization reduces the fouling of membranes by foulants with similar 
charge. Deposition of a thin tilm or fom1ation of functional groups can reduce the adsorption 
(22). 
The membrane modified by this technique will be studied for adsorption of different solutes. 
Long term durability will also be investigated. 
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ABSTRACT- The migration of sodium-pentachlorophenol (Na-PCP) on Missouri soils was 
studied to determine its potential for migration into groundwater. The study was conducted 
on the unsaturated (35% and 65% moisture levels) and saturated soil columns. Flow rates 
and loadings are another control factors. Breakthrough curve of Bromide (KBr) was used 
to determine the pore volume. Under the same moisture and loading, the dispersion effect 
was more pronounced at high flow rate. For the same flow rate and loading, the dispersion 
·effect was more pronounced at high moisture level. For the same moisture content and 
flow rate, the high loading resulted in an early leakage of PCP under unsaturated 
condition. But the time required for PCP peak was independent of loading under saturated 
condition. 
INTRODUCTION : 
Pentachlorophenol (PCP) is one of 129 priority pollutants which are defined and 
identified by the Federal Water Pollution Control Act (FWPCA). 
Pentachlorophenol (PCP) and Sodium-Pentachlorophenol (Na-PCP) are properly 
called biocides because they are lethal to a wide variety of living organisms, both plants 
and animals. PCP is registered by the Environmental Protection Agency (EPA) for use as 
an insecticide (termicide), bactericide, molluscicide, fungicide, herbicide, algicide, 
disinfectant, and as an ingredient in antifouling paint. This versatility is due in large part 
to the solubility of the pentachlorophenols in both organic solvents (PCP) and water (Na-
PCP). Thus PCP can be applied to such diverse materials as agricultural seeds (for non-food 
uses), leather, masonry, wood, cooling tower water, rope, and paper mill systems. Wood 
preservation is another principal uses of PCP. About 0.23 kg of PCP is required for each 
----~-
210 
cubic foot of wood preserved (Cirelli, 1977). 
Pentachlorophenol (PCP) usage can be broken down in the following manner: 78% 
by the wood preserving industry, 12% in production of Na-PCP, 6% in plywood and 
fiberboard waterproofing, 3% in home and garden uses (mostly termite control), and 1% 
as a herbicide for use on rights-of-way, industrial sites, etc. (Midwest Research Institute, 
1975). 
The 12 percent of PCP converted to the sodium salt has many uses and is widely 
distributed. It is a wide spectrum fungicide and bactercide used for t.he treatment of sap 
stain in freshly sawn logs and unseasoned timber. Other large uses are addition to cooling 
towers at electric plants to control algae and fungi and in the production of pressed board 
and insulation board. Twenty to eighty parts per million (ppm) Na-PCP is added to the 
water cooling systems for control measures. It is added to adhesives based on starch, 
vegetable protein, and animal protein to protect against their deterioration. Cons.truction 
materials such as asbestos, shingles, roof tiles, brick walls, concrete blocks, insulation, pipe 
sealing compound, and wallboard are protected by Na-PCP. Leather is prevented from 
deterioration during tanning and protected from molding by Na-PCP. It is added to paint 
as a preservative and to photographic solutions as a slime and fungus control. Pulp and 
paper products are protected against mildew, rot, and termites when Na-PCP is present. 
Na-PCP is used in the textile industry to preserve the processing materials and protect the 
finished products against mildew. The petroleum industry uses Na-PCP as a bactericide in 
drilling muds, gypsum muds, and packer fluids. Na-PCP is also used in secondary oil 
recovery to control microbial growth and obtain maximum recovery (Cirelli, 1977). 
Pentachlorophenol (PCP) and Sodium-Pentachlorophenol (Na-PCP) are probably the 
most versatile pesticides now use in the United States of America. In fact, they are the 
second heaviest used pesticides in this country. Total PCP production in 1974 amounted 
to 52.4 million pounds (U.S. International Trade Commission, November 1975). 
Na-PCP spills contaminate surface waters and penetrate soil matrix to groundwater 
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which may be a source of drinking water. Hence, it has potential hazard to human health 
and threatens the whole ecosystem. 
The purpose of this paper is to find out the migration trends 
of Na-PCP in unsaturated and saturated columns. Only the experimental data will be 
presented here. 
MATERIALS : · 
Purified grade pentachlorophenol was obtained from Sigma Chemical Company of 
St. Louis, Missouri. Radiolabelled PCP was al~o obtained from Sigma Chemical Company. 
It was certified as 98+% pure and had a specific activity of 7.9 mCi/mmol. 
The carbon-14 labelled PCP was dissolved in 1N NaOH solution. Fresh stock 
solutions of Na-PCP were prepared by adding purified grade PCP to 1N NaOH which 
contained carbon-14labelled PCP and mixing until all PC::P was dissolved in the solution. 
Then, sulfuric acid and phosphoric acid were used to reduce pH value to 7.0. 
Ultima Gold, a product of Packard Company, was the scintillation cocktail used in 
this study. Methanol was used for extraction of soil samples. These solvents were used 
without further purification. 
Soil used in this study came from a farm near Columbia, Missouri. It was Menfro-Silt 
Loam type. Surface samples (0-20 em depth) of soil were air-dried and passed through a 
2-mm (No.10) sieve prior to storage and use in order to get uniform particles. Physical and 
chemical characteristics of the soil are listed in Table-1. Soil texture analysis is listed in 
Table-2. 
ME1HODS: 
The column experiments consisted of displacing Na-PCP solutions at three 
concentrations (32.3 mg/L, 287.6 mg/L, and 1562 mg/L). Air-dried and sieved soil was 
uniformly packed in columns which were 6 inches long and 0.86 inches in inner diameter. 
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The amount of soil was controlled at 63.2 grams and the bulk density of soil was 1.1 g! cm3 
in each column. In order to get uniform flow distribution, glass wool was set on the top 
and bottom of the soil in the column. A Telfon stopper was at the bottom of column. All 
the experimental columns were covered with aluminum foil to prevent photodegradation. 
The soil moisture was contrqlled at unsaturated (two different levels, 35% and 65%) 
and saturated conditions in columns. A pulse of carbon-14labelled Na-PCP was injected 
into each column. The loadings were designed to be 3.23, 28.76, and 156.2 f..l.g Na-PCP/g 
soil. Flow rate of eluants were controlled at two different levels. Elutions were conducted 
using water at pH between 6.5-7.0. 
Effluent solutions were collected and counted by liquid scintillation counter (LSC), 
Model Tri-Carb, 1900 TR, PACKARD. After each experiment, soil in each column was 
divided into six parts. From each soil part, 3-4 grams wet soil was extracted three times 
with 20 mL Methanol and counted for the activity of carbon-14. 
RESULTS: 
[A]. BROMIDE BREAKTHROUGH CURVE 
All the columns were characterized for void volume using either KBr breakthrough 
curve or weight method. A typical bromide breakthrough curve shows in Figure 1. The void 
volumn is in the range of 35 - 40 mL. 
In set of another experiment, a pulse of bromide (KBr) was injected into column. 
The loading was designed to be 28.76 f.J.g KBr/g soil. Two different moisture (35% and 
65% levels) and flow rates of eluants (0.4 mL/minute and 0.1 mL/minute) was used. The 
results are shown on Figure 2A- 20. 
[B]. EFFECfS OF DIFFERENT FLOW RATES 
Figure 3A - 3C show the effects of different flow rates in column having 35% 
moisture. PCP loading was 3.23, 28.76, and 156.2 f..l.g Na-PCP/g soil. Figure 30- 3F show 
the effects of different flow rates in column having 65% moisture for the different loadings 
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of 3.23, 28.76, and 156.2 JJ.g Na-PCP/g soil. Figure - 3G is for the saturation condition; 
and the loading is 23.52- JJ.g Na-PCP /g soil. 
[C]. EFFECfS OF DIFFERENT MOISfURE LEVELS 
Figure 4A - 4C show the effects of different moisture at the same flow rate (0.1 
ml/minute) and the loadings of3.23, 28.76, and 156.2 JJ.g Na-PCP/g soil. Figure 4~- 4E 
show the effects of different moisture at the same flow rate (0.4 ml/minute) and the 
loadings of 3.23 and 28.76 JJ.g Na-PCP/g soil. 
[D]. EFFECfS OF DIFFERENT LOADINGS 
Figure SA shows the effects of different loadings (3.23, 28.76, and 156.2 JJ.g Na-
PCP/g soil) at same moisture (35%) and flow rate (0.1 ml/minute). Figure SB shows the 
effects of different loadings (3.23, 28.76, and 156.2 JJ.g Na-PCP/g soil) at same moisture 
(65%) and flow rate (0.1 ml/minute). 
Discussion : 
These experimental data will be analyzed using an advection-dispersion model 
involving equilibrium or connecting with mass transfer between liquid and solid. And the 
results will be interpreted in the form of model parameters. 
Reference: 
Cirelli, D.P., 1977. Patterns of Pentachlorophenol Usage in the 
United states of America - an overview. 
Pentachlorophenol. p13-18. 
Midwest Research Institute. 1975. Production, Distribution, Use and 
Environmental Impact Potential of Selected Pesticides. 
For Environmental Protection Agency. Office of Pesticide 
Programs. 
u.s. International Trade Commission. Nov. 1975. Synthetic Organic 
Chemicals. u.s. Production and Sales. 
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Table-1 : Physical and chemical characteristics of the soils 
Parameter pHw pHs N.A. O.M. Bray I-P N03-N NH4-N 
Unit (Meqj100g) (%) (lbsjAc) (ppm) (ppm) 
-------------------------------------------------------------------Value 6.8 6.5 0.5 2.6 65 20.0 34.0 
Table-1 : (Continue) 
Parameter 
Unit 
Value 
Ca (lbsjAc) 
1998 
Mg (lbsjl\c) 
240 
Table-2 : Soil Texture Analysis 
Parameter 
Unit 
Value 
Clay (%) 
24 
Silt 
(%) 
66 
K E.C. (lbsjAc) (mmhosjcm) 
514 
Sand 
(%) 
10 
3.1 
Fig-1: Bromide Breakthrough Curve 
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Title: The Purification of Alpha-D-Glucuronidase from Trichoderma reesei. 
J. Sweeney and M. Meagher. University of Nebraska, Lincoln, NE. 
ABSTRACT 
An a-D-Glucuronidase was partially purified from Trichoderma reesei. 
a-D-glucuronidase enzyme hydrolyzes the a-1,2 linkage, a branch point of the xylan 
backbone, releasing 4-0-methyl-a-D-glucuronic acid. The enzyme has an apparent 
molecular weight of over 70,000 and a pi of 4. 7. Aldobiouronic acid, 2-0-( -4-0-
methyl-a-D-glucopyranosyluronic acid)-D-xylose was purified from birchwood xylan 
and identified by 2D n.m.r. The enzyme activity was monitored by liberation of x0lose and 4-0-methyl-a- D-glucuronic acid from the aldobiouronic acid at pH 6 and 40 C. 
The enzyme had activity on the aldobiouronic acid and larchwood xylan as well as a 
range of unidentified higher acidic oligosaccharides and P-nitrophenyl-a-D-glucuronic 
acid. The enzyme was purified by anion exchange, gel filtration chromatography and 
preparative isoelectric focusing. · 
INTRODUCTION 
Lignocellulose is composed of cellulose, lignin and hemicellulose. Xylan is a major 
component of plant hemicellulose and after cellulose is the second most renewable 
polysaccharide in nature. The a-1,2 branch point that links 4-0-methyl-a-D-glucuronic 
acid to the xylan backbone is acid resistant and sterically hinders the action of the 
endoxylanases. The a-D-glucuronidase enzyme is responsible for hydrolyzing this 
linkage. 
Dekker (1983) detected a-glucuronidase activity in crude preparations of T.reesei Puls 
(1987) developed an enzyme assay using 2-0-(4-0-methyl-a-glucopyranosyluronic 
acid)-0-xylobiose. Agaricus bisporous was shown to have a-glucuronidase activity, 
molecular weight> 450,000. Poutanen (1988) started purification from T.reesei and 
indicated an apparent molecular weight of 70kDa, and a pi< 4. Khandke (1989) 
purified an a-glucuronidase fron Thermoascus auriantiacus, molecular weight of 
118, OOOkDa and optimum activity at 650C. 
The purpose of this project is to purify a-D-glucuronidase from Trichoderma reese1 
and study it s action on natural substrates. 
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MATERIALS AND METHODS 
Enzymatic Assay Procedure 
a-D-glucuronidase: Aldobiouronic acid (lmg/ml) or p-nitrophenyl-a-D-glucuronic acid 
(lOmg/ml) was dissolved in lOmM KH2P04 pH6, 200ul of this substrate was 
incubated with 200ul of the enzyme at 400c ,for a time dependent on the method of 
analysis. Extent of reaction was measured by the presence of xylose in the 
aldobiouronic acid assay, or formation of a yellow color for the chromatogenic 
substrate. 
X y lanase assay 
A 2% solution of birchwood xylan in lOOmL of 0.05M sodium citrate buffer pH 5.3 
was heated to 800c and filtered through a 0.45mm filter to clarify. The. reaction 
mixture contained 1 00~-tl of enzyme and 1 00~-tl of substrate was incubated at soOc for 
10 min. The reducing sugar value was tested by the ferrocyanide test developed by 
Robyt (1983) , based on the original work of Hoffman (1937). A sample size of 50mL 
was added to 950~-tL Na2C03, to which 4mL of reagent was added. 
Enzymatic Analysis Methods 
High Pressure Liquid Chromatography Analysis: The HPLC system was comprised of 
a Waters 625 LC System (Millipore Corp. ,Milford MA), Ionchrom pulsed 
amperometric detector, PAD and a Carbopac PA-100 column, (Dionex corp., 
Sunnyvale CA), and a Spectra-Physics SP4270 integrator (Spectra Physics, San Jose, 
CA). The flow rate was lmL/min and the PAD settings were E1 =0.05, E2=0.60 and 
E3=-0.60 V. 
Acidic sugars gradient: The gradient for the acidic sugars was, isocratic for 10 mins of 
solvent A ( 150mM NaOH and lOmM NaAc) followed by a linear gradient over 50 
min of solvent B ( 150mM NaOH and 300mM NaAc). An NaAc gradient was 
necessary to elute acidic sugars from the column. 
Neutral sugars gradient: The gradient for the neutral sugars was isocratic for 1Om ins 
(or 20mins using a Carbopac PA-l column) with solvent A (lOmM NaOH followed by 
a linear gradient over 5 min with solvent B (150mM NaoH and 300mM NaAc) as a 
washing step to remove the acidic sugars from the column. 
Thin Layer Chromatography: The procedure was based on that of Fontana (1988), DC 
Kieselgel 60 silica chromatoplates (Merck, Darnstadt.) , (acetonitrile, water, propan-1-
ol 7:2:1). The plates were visualized by spraying with sulphuric acid:methanol 
(10:90mL) with 0.2%orcinol and heating at 1100c for lOmin. 
----------
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Substrate Purification: 
Prior to purifying the enzyme the simplest possible natural substrate was produced. The 
procedure for acid hydrolysis of the xylan and purification of the aldobiouronic acid, 
was based on the method of Isihara (1988) for Shirakamba xylan. Twenty grams of 
birchwood xylan was hydrolyzed at 121oc in lOOmL of 2M TFA for 1 hour. The 
acidic hydrolysis products were then separated using a Dowex 1-X8 column and 
purified with an MCI (CA08Y resin, lOJLm) (Ac-) (Mitsubishi Kasei 
Corporation, Tokyo, Japan) column (1.6 X 94cm). The major fraction obtained was the 
aldobiouronic acid (600mg) Dv=4.5-6.3) (Dv=Vel/ Vbv -Vriv), where Vel is the 
elution volume, Vbv is the bed volume and V riv is the relative interstitial volume. The 
aldobiouronic acid, 2-0-(4-0-methyl-a-D-glucopyranosyluronic)-D-xylose was then 
identified by 2D n. m.r. (Dr R. Shoemaker, University of Nebraska, Lincoln, NE) and 
elemental analysis. 
ENZYME PRODUCTION 
Organism: Trichoderma reesei ATCC 56765 .was maintained on Potato Dextrose slants 
at 300C. 
Media: Alpha cellulose 60g/L, Distillers spent grains 30g/L, KH2P04 5g/L, 
(NH4)2S04 5g/L adjusted to pH 5.5. 
Inoculum: The slants were used as an inoculum for 400 mLs of media of initial pH 
5.5 which ran for 3 days at 300C . This was used as an inoculum for 3 liters of media 
in a Bioflo 111 fermenter. 
Fermentation Conditions: One impellor was set above the media to act as a foam 
breaker. The fermentation ran for 5 days at 300C, pH was maintained above 3.5 with 
ammonium hydroxide (30% by vol), dissolved oxygen content was maintained at 40% 
saturation. After 5 days the fermentation was harvested and centrifuged at 10,000 rpm 
to obtain the cell free supernatant. 
Ammonium sulfate ppt: Two 90% ammonium sulphate cuts were carried out and the 
protein was dialyzed in 1 OmM potassium phosphate buffer pH 8. The suspended 
,protein was then concentrated and diafiltered with the phosphate buffer using a 10,000 
molecular weight cut off poly sulfone flat sheet membrane system. Protein 
concentrations were measured using the (Biorad., Regatta Boulevard Richmond, CA). 
protein assay with absorbance at 595nm. a-glucuronidase activity was measured using 
the neutral sugars gradient to measure xylose liberation with glucose internal standard. 
DEAE Column: The protein was then loaded onto a DEAE-sepharose column (5 X 70) 
and washed with the 1 OmM phosphate buffer at pHS until all nonbinding protein had 
eluted. The column was then eluted with a sodium chloride gradient up to 0. 3M over 
5.5 column volumes. The protein fractions were tested for a-glucuronidase activity by 
T.L.C. The active fractions were pooled and concentrated using an (Amicon, 72 
Cherry Hill Drive, Beverly, MA , model 8400) stir cell with a PM 10 membrane. 
---------~~-
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Gel Filtration Column: The concentr~ted protein was loaded onto a gel filtration 
column S-200HR (1.6cm X 94cm) with a 0.05M K2P042-and lOOmM KCI. Fractions 
of 1. 6mLs were collected and were assayed for activity using the neutral sugar gradient 
and glucose internal standard. 
Preparative IEF: The active fractions were then focused on an Rotophor IEF 
preparative cell (BioRad Inc) using 2mls of Sigma pharmalyte pH 3-10 in 50 mls of DI 
water for 6 hours. The different fractions were collected in 20 tubes and dialyzed into 
0.05mM K2P042-, 100mM KCL buffer pH 6 and assayed for activity. The active 
fractions were then analyzed by ultrathin 0.5mm polyacrylamide gel IEF pH 3-10 and 
analyzed by silver stain method of (Heukshoven and Demick 1985). These active 
fractions were then refocused for 6 hours on the preparative system, and fractions were 
again collected, dialyzed and assayed for activity. The active fractions were again run 
on pH 3-10 and pH 2.5-5 ultrathin IEF gels and analyzed. 
CONCLUSION 
The a-glucuronidase enzyme was purified to 2 bands on an isoelectric focusing gel. by 
anion exchange chromatography, gel filtration and preparative isoelectric focusing. The 
pi was estimated to be around 4. 3 and molecular weight appeared to be above 70kDa 
by SDS PAGE electrophoresis The aldobiouronic acid, 2-0-(4-0-methyl-a-
glucopyranosyluronic acid)-D-xylose was purified from birchwood xylan by acid 
hydrolysis and anion exchange chromatography. This substrate was identified by 2 D 
n.m.r. and elemental analysis. A HPLC method was developed to assay the enzymes 
activity. A chromatogenic substrate was identified which may help in future enzyme 
screening. Only a few a-glucuronidases have been partially purified and this study has 
provided valuable information on enzymatic purification, assay methods and stability. 
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Purification Table 
SP Fold 
Step Pro.tein mg Activity Activity Purification Yield% 
Ammonium 2040 3.26><10"4 1.6x10"7 1 100 
sulfate ppt 
DEAE ·4 -e 
column 120 2.73x10 2.28x10 13.65 83 
Gel filtration 
·6 
tubes 50-65 6.8 6.2x1 a·
5 9.07x10 56.68 19 
·4 -e 
tubes 66-84 29.9 3.99x10 3.99x10 24.9 36 
Fig 1 
DEAE Chromatography of a-glucuronidase 
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Fig 2 
Gel Filtration of a-glucuronidase 
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Preparative IEF pH 3-10 
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Fig 4 
Refocused Active Fractions of a-Glucuronidase 
Preparative IEF 3-8 
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